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SECTION I 


INTRODUCTION 

1.1 BACKGROUND AND STUDY GOALS 

This report presents the technical results of the "Study of the 
Applicability of Frame Imaging from a Spinning Spacecraft", performed 
by CBS Laboratories, Stamford, Connecticut, for the National Aeronautics 
and Space Administration, Ames Research Center, under Contract NAS2-7107. 

The study was performed over a 10-month period from July 1972 through May 1973. 
This is Volume 2 of the final report of the study. Volume 1 is a brief 
summary of the results. 

The basic purpose of this work was to study the applicability 
of frame-type imaging systems for use on board a spin-stabilized spacecraft 
for outer planets applications, as distinguished from spin-scan imaging 
systems and three-axis stabilized vehicles. The major goals of the study 
were to objectively select the most feasible imaging system(s) for this 
class of missions and to prepare preliminary design information which 
defines the system(s) for a specified Jupiter orbiter mission. Sufficient 
generality was included to permit the application of these techniques to 
a variety of missions. In addition, the interaction of system performance 
specifications on cost and development schedule was to be investigated. 
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The scope of this study encompassed frame imagers only, on an 
orbiting mission of Jupiter including encounters with the Galilean satellites. 
All types of frame imagers capable of performing this mission were considered, 
regardless of the current state of the art. Detailed sensor models of these 
systems were developed at the component level and used in the subsequent 
analyses. An overall assessment was then made of the various systems based 
upon results of a worst- case performance analysis, foreseeable technology 
problems, and the relative reliability and radiation tolerance of the systems. 
Special attention was directed at restraints imposed by image motion and the 
limited data transmission and storage capability of the spacecraft. Based 
upon this overall assessment, the most promising systems were selected and 
then examined in detail for a specified Jupiter orbiter mission. The relative 
merits of each selected system were then analyzed, and the system design 
characteristics were presented using preliminary configurations, block diagrams, 
and tables of estimated weights, volumes and power consumption. Performance 
tradeoffs were then discussed. . Finally, cost and development schedules were 
presented for the selected frame imaging systems. 

1.2 ORGANIZATION OF THE VOLUME 

As depicted in Figure 1-1, the study was divided into nine separate 
study tasks, progressing from the initial selection of candidate frame imaging 
systems to the final task of preparing cost and development schedules. This 
volume is organized in a similar manner. The technical details of each task 
are contained within the separate report sections. 
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Section 2 reviews the selection of the candidate frame imaging 
systems. A brief description of the operation of each sensor is given. The 
general performance requirements and constraints used as selection criteria 
are also discussed, and the reasons why each camera system was rejected or 
selected as a candidate are given. 

Section 3 describes the development of the analytical camera models. 
The basic relationships used in developing the camera models are introduced 
and methods of plotting camera performance are described. A detailed derivation 
of the theoretical signal-to-noise ratio models is given in Appendix A. In 
Section 4, computer programs for the analytical camera models are introduced. 
Detailed program descriptions and listings are given in Appendix B. 

Section 5 presents a relative assessment of the reliability factors 
and the tolerance of the candidate systems to the postulated radiation 
environment. 

Section 6 investigates the effects of various spacecraft and 
planetary motions which influence camera performance. The extent to which the 
performance of. the sensors can be improved through the use of image motion 
compensation is established. 
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Section 7 presents the results of a worst-case parametric analysis 
using the candidate systems. In order to properly evaluate the candidates, 
more specific requirements and selection criteria are established. Then 
each candidate sensor system is examined in detail and given an overall assess 
ment. Finally, three camera systems — the SEC vidlcon, electrostatic 
storage camera and the intensified charge— coupled device • — are selected for 
additional analysis for a specific Jupiter orbiter mission. 

Section 8 analyzes the capability of the three best systems for 
the specified Jupiter orbiter mission with satellite encounters. The effects 
of various system and mission parameters on performance are presented. The 
suitability of the best camera systems for other outer planet missions is 
discussed and their performance at Saturn and Uranus is determined. 

Section 9 gives the preliminary design configurations for the 
three selected camera systems. Preliminary information, including physical 
configurations, system block diagrams, weight, volume, and power consumption, 
is presented. Alternative system configurations and anticipated performance 
versus cost are compared. Finally, the technology problems associated with 
each system are assessed. 

Section 10 gives the approximate costs and development schedules 
associated with each of the three selected systems. 
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1.3 


CONCLUSIONS OF THE STUDY 


The major conclusions of the study are summarized below: 

• The use of frame imaging systems from a spinning 
spacecraft typified by Pioneer F and G is feasible. 
However, an image motion compensation system is 
required to limit image smear during exposure and 
thereby maintain the resolution capability of the 
camera. 

« Only a short exposure time (generally less than 

one millisecond) can be used because of the residual 
smear, even when image motion compensation is provided. 
This precludes the use of many frame imagers having 
insufficient sensitivity. 

• In general, a frame imager requires a modest amount 
of prestorage target gain to overcome the limited 
scene illumination encountered on this type of 
mission. Frame imagers such as the s low-scan vidicon, 
silicon vidicon, and return beam vidicon are not 
sensitive enough to perform adequately at the antici- 
pated light levels . 
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e In selecting an appropriate frame imager for a 
Jupiter orbi ter mission, emphasis was placed on 
camera systems capable of slow-scan operation. 

It is desirable to have a camera system that can 
store an image until the data handling and com- 
munications system can unload the data to Earth 
without using an ancillary storage system such as 
a tape recorder. The SEC vidicon and electro- 
static storage camera (ESC) meet this and other criteria, 
and are accordingly considered acceptable for a 
Jupiter orbiter mission. 

• Almost all frame imagers are capable of slow-scan 

operation and long-term storage if sufficiently cooled. 
The SIT vidicon can provide integration times of 
several hours by cooling to -60°C. Implementing 
thermal control, however, can involve the use of 
considerable weight and power and other practical 
difficulties. The SIT vidicon was rejected for this 
reason. It is more applicable to missions using on- 
board storage at higher video bandwidths. 
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• The charge-coupled imager requires cooling to 
achieve a slow-scan capability and thereby be 
able to operate without an auxiliary storage unit. 
However, charge transport is a significant new 
concept in imaging which has attracted much interest. 

The potential attributes of excellent performance at 
low power, low weight, and good reliability are very 
appealing. For these reasons, a charge-coupled imager 
was one of the systems selected for the Jupiter mission. 
An intensified charge-coupled device (ICCD) was selected, 
as it contains an image section which makes electronic 
shuttering and electronic image motion compensation 
feasible. Unlike the basic charge-coupled device, its 
performance is less sensitive to readout noise at low 
clock rates. 

• Based on a worst-case parametric analysis and an 
overall assessment of all potential frame imagers, 

the SEC vidicon, the electrostatic storage camera, and 
the intensified charge-coupled device were found to 
be the best systems for the class of missions studied. 

• The three selected camera systems all perform satis- 
factorily when applied to the 2.29 x 45.1 R Jupiter 

J 

orbiter mission. Ground resolution of 5 to 8 km 
can be achieved at Jupiter near periapsis using these 
sys terns . 
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9 Performance appears to be limited more by other 
system parameters than by the sensors themselves, 
particularly for the high-performance electromag- 
netically focused camera configurations. If, for 
instance, the camera parameters were not dominated 
by factors such as image smear, versions with even 
higher performance could be constructed. However, 
such systems are not required for the Jupiter 
orbiter mission as defined for this study. 

• When photographing the satellites of Jupiter, the 

three selected camera systems all perform satisfactorily. 
If multispectral pictures are to be taken with filters 
over several color bands, the ESC offers an advantage. 
Because of its unique bulk storage capability, the 
ESC can rapidly expose a sequence of pictures during 
satellite encounters and transmit them back to Earth 
afterwards. Contiguous ground coverage over several 
spectral bands can be achieved in this manner over a 
wide resolution range from close-up shots to full- 
disc photographs. The ICCD and SEC vidicon would 
require a tape recorder to obtain similar results. 


9 



• The selected cameras appear suitable for missions to 
Saturn and Uranus without any major design changes. 
However, the resolution of the sensors deteriorates due 
to the low available illumination when missions to 
Uranus are considered, more so with the SEC vidicon 
than the others because its MTF is lower. The ESC 
is considered the best sensor for both the outer 
planet missions and for flybys when tape recorders 
cannot be used. 
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SECTION II 


SELECTION OF CANDIDATE SYSTEMS 

2.1 INTRODUCTION 

In performing the Study of the Applicability of Frame Imaging from 
Spinning Spacecraft, all types of frame imaging systems having potential for 
the class of missions of interest are considered, regardless of the current 
state of the art* 

The objective of this task is to select the candidate systems 

to be analyzed in the initial ohase of the study* Detailed sensor models 
of these systems are developed at the component level for use in subsequent 
analyses . 

The principal requirements for the ideal imaging sensors for 
planetary missions are high resolution, high quantum efficiency, long life, 
and compatibility with the spacecraft and planetary environments. Almost 
equally important are characteristics such as radiation tolerance, reliability, 
quantum-noise- limited operation, large dynamic range, low weight, low power 
consumption, wide spectral range, low cost and adaptability to other outer 
planets missions. For spacecraft with limited data storage equipment, long 
target storage with a s low-scan capability is also essential. No currently 
available imaging sensor comes close to satisfying all of these requirements. 

At best, camera systems must be selected on the basis of compromise, accepting 
the shortcomings of the device as well as its merits and satisfying only the 
most important requirements for a particular mission. 
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Based upon these imaging system requirements, candidate camera 


systems have been selected for a worst-case analysis. Imaging systems which 
have been employed in previous space missions, along with other systems 
offering many distinct advantages but which are still in the development 
stage, are among the candidates which will be considered. Included in this 
study as candidates will be the slow-scan vidicon, silicon vidicon, SIT 
vidicon, SEC vidicon, return beam vidicon, silicon dioxide vidicon, electro- 
static storage camera and charge-coupled imagers. The use of an intensifier 
stage coupled to the candidate sensors will be also considered where applicable. 
Although the image orthicon and image isocon will be modeled, they will not 
be studied in detail. 

2.2 BASIS FOR CANDIDATE SELECTION 

The actual requirements for an imaging system to be used for plane- 
tary exploration, typified by a Jupiter orbiter mission, differs substantially 
from mission to mission depending on the particular scientific objectives. 
However, general objectives and requirements have been established and can be 
used to select candidate systems for analysis. In general, the camera system 
must be restricted in size, weight and power consumption, and it must produce 
pictures at the desired resolution. It must operate at an adequate signal-to- 
noise ratio (SNR) over the range of illumination levels available. The camera 
system must be rugged enough to survive the hazards of shock, acceleration, 
vibration during launch, and trapped particles in the planetary radiation belts. 
These missions will be of long duration, imposing severe lifetime and reliability 
requirements on the camera system. Development costs and readiness are also 


12 



important factors to consider. 


Utilization of a spin-stabilized spacecraft, rather than the more 
sophisticated and costly three-axis stabilized vehicle, imposes additional 
constraints on the camera's performance. Image motion, caused by the spin 
rate of the spacecraft, can blur the image and degrade the resolution capability 
of the sensor. Camera characteristics such as high effective quantum efficiency 
and photoelectron noise-limited operation are desirable. These factors shorten 
the required exposure time by efficiently using the reflected light available 
at distant planets, thus reducing the susceptibility to image motion. 

The limited data transmission and storage capabilities of spin- 
stabilized spacecraft place additional requirements on the camera system. 

Either an on-board storage system must be provided, or the imaging system 
must be capable of long-term storage and slow-scan operation at the radio 
frequency transmission bit rate. 

Another important factor in candidate selection is previous 
experience. Many camera systems have been flown on previous missions and their 
performance levels are well documented. 

2.3 CANDIDATE SYSTEMS SELECTED 

A listing of all potential candidate framing systems is shown in 

Figure 2-1 along with the candidate selections to be included in this study. 

Camera systems that have been previously flown ^ are indicated. Framing systems 

that were considered in the TRW System Group study of "Follow-on Pioneer 

( 2 ) 

Missions to Jupiter" are shown. Also included is a column showing 
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Figure 2-1 








candidate systems mentioned as possible Grand Tour alternatives by the Grand 

(3) 

Tour Imaging Science Team 

A short discussion on each of these camera systems follows, giving 
the reasons for inclusion or omission from the study* 

2,3.1 SLOW -SCAN VIDICON 

The slow-scan vidicon or SSV (with and without intensifier) is included 
as one of the candidate systems to be studied. The selenium vidicon has been 
used extensively in the Mariner series of space probes as well as on Surveyor. 

The Viking lander will use a slow-scan vidicon with a single image intensifier 
so that electronic shuttering and image motion compensation can be applied. 

The selenium vidicon offers relatively high resolution, acceptable format, 
simplicity, low weight, good reliability, and excellent slow-scan characteristics. 
However, it lacks wide spectral response and has no prestorage gain, a 
requirement for quantum-no is e-limited operation at low light levels in sensors 
using charge-replacement readout. Its sensitivity is low, so intensification 
will be needed to allow short exposures under the low light levels found on 
outer-'planet missions. 

The selenium vidicon tube em- 
ploys a selenium target and a low-energy 
read-erase electron beam. Writing is 
effected by illuminating the uniformly 
charged photoconductor target with light 
from the scene. The resulting increase 
in the conductivity of the target 
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elements causes the surface potential of these elements to shift towards the 
potential of the backing plate. A potential pattern corresponding to the 
incident scene is thus established on the photoconductive target. 

During reading, the target is scanned by the low-energy electron 
beam. This beam replaces the charge on the surface of the target and shifts 
the target elements back to their original potential. This charge replacement 
process results in a capacitive current through the target which is proportion- 
al to the amount of charge deposited on a particular target element. This 
current passes through a load resistor to produce a halftone output signal 
voltage. Since the selenium target has a high dark resistivity, slow-scan 
readout is possible. 

2.3.2 SILICON VIDICON 

The silicon vidicon is Identical to the slow— scan vidicon except 
that it utilizes a silicon target and is more sensitive. It has excellent red 
response, low weight, and the potential for long life. The quantum efficiency 
of silicon is high and the target capacitance is moderately high. The short- 
comings are modest resolution, the absence of prestorage target gain, and 
the possible need for target cooling to achieve slow-scan performance. 

The silicon vidicon will be included as a candidate during this 
study. Although the silicon target is quite sensitive, a relatively fast opti- 
cal system will still be required at the further planets. An intensifier 
placed in front of the silicon vidicon will also be considered in the analysis. 
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2.3.3 


SIT VIDICON 


The Silicon Intensifier Target (SIT) vidicon has excellent potential 
for planetary exploration, having already been used on the Appollo 15 and 16 
missions. 


The SIT vidicon combines a photo- 
cathode and an electrostatic (or magnetic) 
image section with a silicon diode array 
target. As with the selenium vidicon, a 
low-energy electron gun is used for image 
readout and erasure. 


PHOTOCM’HODe 



SIT OR SEC TUBE 


An electric field established across 
the target by means of the low-energy read beam 

is in a direction such that the target diodes are reverse biased. During 
writing, electrons from the photocathode are accelerated by the image section 
through a potential difference of 6—10 kV. When these accelerated electrons 
strike the diode array, a large number of electron-hole pairs are generated 
within the target (^ 1 pair/3.4 ev) . These electron-hole pairs, accelerated 
under the influence of the field across the target, result in partial 
discharge of the individual diodes. Readout of the stored image is accomplished 
in the same manner as with the selenium vidicon. 


The high gain associated with the silicon diode target permits near- 
quantum noise operation of the camera over a wide range of exposure levels. 
The SIT vidicon has excellent sensitivity. Slow-scan operation involving 
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several minutes of target integration can be achieved but requires modest 
target cooling. The spectral range is presently limited in extended red response 
because of the S-20 intensifier photocathode. Red sensitivity improvement 
can be expected, however, with an S-25 or in the future with a III-V compound 
photocathode. 

2.3.4 SEC VIDICON 

The Secondary Electron Conduction (SEC) vidicon has long-term integra- 
tion capability and can store an image for many hours. An auxiliary storage unit 
would not be required for many missions. It also has a low target capacitance 
and a sufficiently high gain to make the amplifier noise negligible. The 
resolution is about the same as that of the SIT vidicon* A disadvantage is 
its relatively fragile target; this, however, is being improved* An intensified 
SEC will also be considered. 

The operation of the SEC camera tube^ is similar to that of the SIT 
vidicon. The principal difference is the type of storage target and the 
corresponding method by which localized areas of the target are discharged. The 
target used in the SEC vidicon consists of a thin insulating layer on which a 
thin metallic film (backplate) and a porous storage layer (e.g., ^20 p thick 
KC1) are deposited. High-energy photoelectrons pass through the insulating 
and metallic films and penetrate the storage layer. Due to the porous nature 
of the storage layer, secondary electrons generated within the film are swept 
through the layer. This results in localized areas of increased target 
conductivity, which, in turn, causes these areas to partially discharge. Replacing 
this surface charge by scanning the surface of the target with a low-energy 
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electron beam results in a modulated output current through the target and the 
series resistor. 

2.3.5 RETURN BEAM VIDICON 


The return beam vidicon (RBV) used in the Earth Resources Technology 


Satellite has high resolution and higher signal-to-noise ratios than can be 

MESH v 


obtained with a conventional 


Focus CO\U 


vidicon, and it operates in a 
s low-scan mode. Disadvantages 
of the RBV are its moderate 
sensitivity, bulkiness, and 
added complexity compared to 
the conventional vidicon. 



Beam 


RgTuRN g>e*M Vt PICON 

The RBV^^ is composed of an electron gun, electron multiplier, and 
antimony trisulfide-oxisulfide (ASOS) photoconductor, along with a deflection 
yoke and a magnetic focus coil. During exposure the imaged optical pattern is 
transformed into a charge pattern on the gun side of the photoconductor. During 
the read cycle the electron beam scans the photoconductor with low- velocity 
electrons and charges each incremental element. The number of electrons 
reflected from the target is proportional to the initial potential established 
during exposure. The modulated return beam is collected and amplified by an 
electron multiplier* Between exposures, the photoconductor is flooded with 
light to prepare the surface. 
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2 . 3.6 


SILICON DIOXIDE VIDICON 


The silicon dioxide vidicon does not exist and must be developed. 

It would be similar to an Ebicon with an Si0 2 target. The camera tube would 
provide amplification at the Si0 2 target through the process of electron- 
bombardment-induced conductivity (EBIC) , resulting in near-quantum-noise-limited 
performance at decreased light levels. The system would offer a long-term 
storage capability and slow- scan operation. 

Operation of the silicon di- 
oxide vidicon is as follows. 

During writing, the pattern of 
photoelectrons generated at 
the photocathode is imaged 
onto the thin Si0 2 storage 
target. A charge pattern is 
produced at the target by 
electron-bombardment conduc- 
tivity (instead of by secondary 
emission like in the SEC vidi- 
con) . Target gains of up to a 
hundred are associated with this 
process. 



StUCQN D<OXlfc>£ YipicoN 


writing 


The method of reading is similar to that of the vidicon. The 
storage insulator is scanned ty the low-velocity read beam. Since the 
secondary emission ratio is less than unity, each target element is shifted 
down to the cathode potential of the electron gun. As the potential of each 


20 



individual element becomes more negative * a capacitive current is produced through 
the insulating layer. This current flows through the load resistor in series 
with the backplate, producing signal voltages corresponding to the stored 
charge pattern. 

2.3. 7 ELECTROSTATIC CAMERA SYSTEM 


The electrostatic camera system or ESC, presently under development, 
differs from the sensors previously described in several respects. The storage 
medium (thin film SiC^ deposited on a metal substrate) can retain stored images 
for weeks. The number of frames can be increased, thus permitting the writing- 
in and storage of many frames of information before readout. In addition, the 
output signal is obtained by analyzing the energy of the secondary electrons 
generated on the surface by a high-energy reading beam. Since the energy of 
these secondaries is a function of the surface potential of the SiC^ from which 
they were generated, the output signal corresponds to the potential variations 
on the storage surface. Furthermore, since the reading electrons strike the 
target with an energy above the secondary-emission first- crossover energy of 
the target, the reading process does not tend to stabilize the surface potential 
of the storage medium to the 


cathode potential of the reading 
gun. The read-out process is, 
therefore, non-destructive, and 
multiple read-outs of the stored 
information are possible. The 
high-energy readout also results in 



high intrinsic resolution and 


excellent geometric fidelity. 
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The electrostatic camera consists of a photocathode, image section, 
dielectric storage medium, priming/reading gun, energy analyzer, and electron 
multiplier. Prior to imaging, a field gradient is established across the 
thickness of the storage material by priming the surface to the cathode 
potential of the electron gun. During exposure, electrons from the photocathode 
are accelerated by the image section to an energy of about 6kV and strike 
the storage surface. These high-energy photoelectrons discharge the storage 
surface by the process of electron - bombardment— induced conductivity (EBIC) • 

This results in a charge pattern which corresponds to the scene being imaged 
onto the photocathode. The high EBIC gain associated with this process leads 
to near-quantum-noise— limited camera operation over a wide range of exposure 
levels. 


2.3.8 CHARGE- COUPLED IMAGER 

Over the past few years solid-state imaging technology has matured 
rapidly. Camera systems are being built around matrix— array photosensors 
of 400 x 500 elements using charge-coupled-device (CCD) technology ^ 6 * 7 '. 
Charge-coupled devices used as the primary sensor and used in conjunction with 
a photoemissive image section will be analyzed in this study. 

CCD technology is apparently the first successful approach to all- 
solid-state image sensing. The devices are simple, small, of low weight, and 
require little power. Once transfer efficiencies and format size are increased 
and blemish levels are reduced, CCD devices for planetary missions should 
become practical. CCD imagers are not capable of s low-scan operation without 
being cooled, and they will require auxiliary storage if thermal control is not 
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provided* 


In its simplest form the 
CCD structure consists of an 
array of closely spaced metal 
electrodes that overlay an in- 
sulator deposited on a uniformly 
doped semiconductor substrate. 

An optical system focuses the 
light from the scene onto the 
surface of the substrate. The 
silicon converts the light quanta 



into carriers that collect in a - • 

pattern of charge under the 

electrodes. During readout this charge is transferred by sequentially shifting 
the substrate bias voltage. When the charge, which is proportional to the 
light intensity in the original image, is moved to one end of the device, an 
output shift register removes it row by row from the sensor area. 


The intensified charge-coupled device (ICCD) consists of a charge- 
coupled device preceded by a photocathode 
and an. image section. The device has a 
high prestorage target gain, which provides 
a quantum-noise-limited signal-to-noise ratio 

at very low exposures. Photockthode output 

Intensified Charge- Coupled dev.ce 


/-- Photo electrons. 
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Unlike the CCD, image motion 

compensation can be applied electronically, and its performance is less 
sensitive to readout noise at low clock rates. Electronic gating is also 
feasible. 

2.3.9 IMAGE ORTHICON 


The image orthicon tube will not be studied; however, a mathematical 
model of the sensor will be presented. The image orthicon is not generally 
considered for planetary missions although it was to have been flown in the ATS-4 
(which did not achieve orbit). The image orthicon has been eliminated because 
of its complexity and low gain when compared to modern devices such as the 
SEC and SIT vidicons. The collector mesh associated with the device collects 
a large fraction of the photoelectrons , lowering the net quantum efficiency 
of the photocathode and degrading the modulation transfer function (MTF) in 
single-exposure readout. The image orthicon becomes limited at low light levels 
because of electron beam noise. 


The image orthicon ^ 
utilizes a photocathode as the initial 

sensor. The photoelectron image 

pattern developed at the photocathode 

is focused magnetically onto a thin, 

insulating target surface. Secondary 

emission from the target then results 

in a positive charge pattern on the 

target. The electron beam from the 

gun scans the charge, losing some 
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electrons to the more positively charged areas of the target, and the 


24 
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remainder of the beam returns to the electron multiplier surrounding the 
electron gun. The signal is the current output from the anode of the electron 

multiplier. 

2.3.10 IMAGE ISOCON 


Although image isocon will not be studied, an analytical model of 
the sensor will be presented. The image isocon is a modification of the 
image orthicon in which an improved electron-optic system has been introduced 


and in which the problem of 
inherent beam noise has been 
largely overcome. The 
electron-optical system per- 
mits separation of the scat- 
tered and reflected portions 
of the electron beam. Whereas 
the image orthicon accepts all of 
the return beam for amplification, 
the image isocon camera tube derives 
its video signal only from the 

scanning— beam electrons that are scattered by the storage target. 



\SoCOKl 


The image isocon has been eliminated as one of the initial camera 
candidates for the study for many of the same reasons as the image orthicon. 
It is much more complex and has a lower gain than both the SEC and SIT vidi- 
cons. The field mesh lowers the net quantum efficiency by attenuating the 


25 



photoelectron image, and it creates a charge image that seriously degrades 
the sensor MTF during single-exposure readout. 

2.3.11 SMOOTHING DISSECTOR 

The smoothing dissector will not be analyzed in this study, as it 
does not appear to have the qualities required to operate as a frame imager 
for the class of planetary missions of interest. 

The combination of an image 
intensifier tube coupled to the input 
of an image dissector is called a 
"smoothing dissector". The image 
intensifier contains a slow-decay 
phosphor screen that acts as a 
temporary storage element. The 
method offers a high quantum 
efficiency, wide spectral range, 
a better signal— to-noise ratio than either a single scanned photomultiplier 
tube or scanning image dissector, and low light level operation. However, 
the smoothing dissector lacks long-term storage and slow— scan capability. 

It is used more efficiently in the line-scan mode. 
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SECTION III 


CAMERA MODELING 


3.1 INTRODUCTION 

Analytical models have been developed at the component level for 
those frame-type imaging systems which have been selected as candidate systems 
for possible use on board a spin-stabilized spacecraft for outer planet 
applications. These models describe the resolution and peak-signal-to-RMS- 
noise characteristics of the sensors. Details of the development of the 
camera models are given in Appendix A, along with a list of the analytical 
signal- to-noise ratio models for the candidate camera systems . 

The basic relationships used in developing the camera models are 
introduced in this section and several methods of plotting camera performance 
are described. The methods for calculating the irradiance in the focal plane 
of a camera imaged on a distant object and for converting that irradiance into 
the sensor’s photocurrent is described first. Then the modulation transfer 
function (MTF) concept and the MTF treatment of the analytical models are 
presented. This is followed by a description of the aerial image modulation 
curve and other methods of plotting camera performance used in this study. 

3.2 EXPOSURE CALCULATION FOR ANALYTICAL MODELS 

In the process of calculating the irradiance in the focal plane of 
a camera imaged on a distant object and of converting that irradiance into the 
sensor’s photocurrent, radiometric units (rather than photometric units) will be 
used to define the spectral response of the detector and spectral irradiance. 
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3 . 2.1 


GENERAL RELATIONSHIPS 


If the relative spectral distribution of the input flux is designated 

by W A , and W p is the peak spectral density of the input flux in (W/m 2 )/nm, then 

the input flux, F , is given by: 

L 


F 


L 


= W / “ W. dA 
p o X 


(3-1) 


The detector output current density, I, can be computed from 


I 


= S W / 

p p o 




(3-2) 


where S^ is the peak monochromatic responsivity of the detector in A/W, and 
is the relative spectral responsivity of the detector. 

The responsivity R^ of the detector ^ can be defined by: 


«d - i/p l • Vo" W x// „" M x dX «-3> 

3.2. 1.1 Orbiting Camera Relationships — For the specific case of a 

Jupiter orbiter, where the solar irradlance is reflected off of the planet 
into the focal plane of a camera, additional parameters enter the calculation. 

The sun-planet distance, planet albedo, phase angle, optical system, and 
detector characteristics must also be considered. 
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It can be shown 


( 10 ) 


that the irradiance F of an object which 

o 

fills the field of view at the image plane of the optical lens system is 

W t_ cos 6 

F_ = P h » ■■ /"w,P,dA 


. 2.2 

4r f 


o XX 


(3-4) 


where the solar irradiance is defined by W and W , r is the sun-planet 

P A 

distance in astronomical units, t is the transmission of the optical lens, 

J_i 

f is the f -number of the lens, 0 is the phase angle, and is the geometric 
albedo of the planet as a function of wavelength. Since the actual phase 
functions of the outer planets are not known, a simple Lambert phase function 
has been assumed. 

The detector current density can now be determined from the integral 
of the product of the spectral response of the detector, the input flux at 
the image plane, and the spectral transmission of the detector faceplate, 


W S t T cos 0 

I = -E- f - - h / °° Wi t a dX 

,2.2 o X X oX X 

4r f 


(3-5) 


As an alternate method, the responsivity , R^, and the flux density 
at the photocathode surface, F , could be calculated separately and then 
combined as follows: 


then 


R_ = S / “ a W P t ,d X// °° W.P.t , dX 
D p o X X X oX o X X oX 


W t_ cos0 

F m JLk 


pc 


4r f 


. . — f W.P.t .dA 

2.2 o X X oX 


I = RpF ^ amps/meter' 


(3-6) 

(3-7) 

(3-8) 
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3.2.2 


DETECTOR QUANTUM EFFICIENCY - GENERAL RELATIONSHIPS 


The detector current density could also be expressed in terms of 
the integral quantum efficiency, n» in electrons/photon by 


I = nF e 
v 


(3-9) 


where F^ is the rate of flow of photons 


W 

F --*/ ‘ 
v he o 


XW A dA , 


(3-10) 


n / 

h is Planck’s constant (6.62 x 10 joule-sec), c is the velocity of light 
8 

(3 x 10 m/sec), e is the electronic charge (1.6 x 10 -19 coulombs), and A is 
the wavelength in meters. 


If the detector quantum efficiency, ri^> is known as a function of 
wavelength, then the detector current density can be obtained from 

eW 


1 = h^ f 0 ™x\ dx 


(3-11) 


3,2,2 ml Orbiting Camera Rel ationships - For the specific case of an imaging 

device on an orbiting spacecraft. Equation (3-4) can be rewritten in terms of 
the rate of flow of photons at the sensor’s faceplate as 


W^t^ cos8 
F o 


4hcr f 


0 9 f AW P dA 
0 A A 


(3-12) 


The detector current density then is expressed by 


eW t_cos0 


wr, k. 

= — P. L 


4hcr f 


2.2 f o ^A P A t oA r| A d ^ 


(3-13) 
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3.3 


MODULATION TRANSFER FUNCTIONS 


The analytical models for the candidate cameras (signal-to-noise 
ratio equations) have been developed for predicting performance through the 
use of the aerial image modulation (AIM) curve concept (also called the 
threshold modulation method). The AIM curve, which is the locus of constant 
signal-to-noise ratio of the camera system, shows the relationship between 
input modulation and spatial frequency and makes it possible to determine 
the resolving power of a camera system from its modulation transfer function. 

The modulation transfer function (MTF) describes the ability of the 

(m 

camera system, or one of its components, to reproduce an input sine-wave image/ 

The MTF is defined as the amplitude response of the system. (It represents 

the amplitude term of the optical transfer function which also contains a phase 

term. In camera system analyses, only the amplitude term is important.) The 

overall system modulation transfer function, designated t (K) , is the ratio of 

s 

the modulation in the image to that in the object as a function of the frequency 
of the sine-wave input. 

M (K) 

T s (K) = ~M (3-14) 

o 

where 

x g (K) = the MTF value for a sine wave of K cycles/mm 
K = the spatial frequency 
M^(K) - the modulation in the image 
M q = the modulation in the object 
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A schematic representation of the equation would look like: 


M 



M ± (K) 


T S (K> 



The object modulation, M q , is defined for an object (the scene) with 
a sinusoidal distribution of light as follows: 


where 


M = 
o 


E 

max 


E . 
min 


E - E , 
max min 

E + E . 
max min 


SJGWAL 


the maximum intensity of 
light from the object 
with sine-wave distribution 

the minimum intensity of 
light from the object' 



(3-15) 


maximum 

AVERA&e 

MINIMUM 

2ERO LEVEL 


The object modulation can also be defined in terms of the contrast 
ratio of the scene by 

_ C R * 1 

M o " C~Tl (3-16) 

where 

E 

„ _ max 

L R T~ (3-17) 

min 

and C R = the contrast ratio of the scene. 
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In the analytical models for the camera systems, the signal is 
expressed In terms of the object (Input) modulation. The optical signal 
is defined in all cases as the difference in extreme intensity levels. 


S = AE = E - E , 
o max min 


(3-18) 


In the same manner, if we assume that for all values of K, the 
average intensity, E, is defined as: 


E + E . 
max min 


(3-19) 


then equation (3-15) becomes 


_ AE 

(3-20) 

2E 


- 2M E 
0 

(3-21) 


When the entire camera system is considered, the optical signal 
is transferred through many Individual components, each having a unique MTF. 
The processes that convert the average light intensity of the scene to an 
average camera output current also reduce the modulation of the input signal. 
The output signal of the camera system, S(K), is therefore given by 


S(K) = 2M i (K)I i 

(3-22) 

or 


S (K) = 2M t (K) I . 

o s i 

(3-23) 

where 1^ is the output current. 



Equation (3-23) has been used to develop the signal expressions in 
all of the camera analytical models in Appendix A. 
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3.3.1 


COMPONENT MODULATION TRANSFER FUNCTIONS 


3. 3. 1.1 Camera System MTF - The camera system MTF, t (K) , used in 

s 

the analytical models, is the product of all of the component MTFs. 

T s (K> = t im (k)t lens (k)t sen (k)t rec ( k) (3-24) 

where 

T I M (K) = the image motion MTF 

T LENS (K) = the °P tical MTF 
t sen (K) = the sensor MTF 

T REC^) = t * ie recor ^ er MTF 

The variable T g E ^(K)» can also be derived from the product of the 
sensor component MTFs. The MTFs . for components such as the fiber optic face- 
plate (when electrostatic focusing is employed) , the photoemitter, image 

section, target, field mesh, and read beam can be multiplied together to 
obtain the sensor MTF. 

3 * 3 ‘ 1,2 Image Motion MTF - Several types of image motion can reduce the 

performance of a camera system because of movement during exposure, such as 
linear motion, random motion, vibrations and parabolic movement. Only the 
linear image motion MTF, caused by the spacecraft spin rate, appears to be 
significant enough to be considered in the camera models because of the 
short exposure time required. The relative magnitude and effects of the 
various types of image motion are presented in Section 6. 


34 



The transfer function for linear image motion is 
sin(7rA K) 




m 


itA K 
tn 


(3-25) 


where A is the magnitude of image motion relative to the sensor's faceplate 
m 

during the exposure time, and K is the spatial frequency. 


t t ..(K) is shown as a function of the product A K in Figure 3.1. Note 
IM m 

that when the uncompensated image motion is equivalent to the spatial frequency 
(i.e., A^K - 1.0), exactly two pixels are smeared and the modulation becomes 
zero. A maximum smear of 0.5 to 1.0 pixel is generally selected as a performance 
criterion in order to maintain a satisfactory modulation. 


For use in the camera models, the image motion MTF is more convenient 
if expressed in terms of the spin rate, focal length of the optical system, 
and exposure time instead of A . 


therefore 


where 


A = V Q t - 
m S e 


fr t 

60 s e 


sin[2ir 2 R g t e FK/60] ■ 
t IM® = [ 2 n^R s t e FK/ 60 ] 


Vg = velocity of the image with respect to the object 
t ■* exposure time 
F = focal length of the lens 
R g = spin rate (rpm) 


(3-26) 


(3-27) 


35 



Pixels Smeared 



IMAGE MOTION TRANSFER FUNCTION 


FIGURE 3-1 



3. 3. 1.3 Lens MTF - In selecting the MTF of the optical system, 

diffraction-limited lenses will be modeled. Aberration-limited lenses 
and optics where both diffraction-limited and aberration-limited effects 
exist will not be considered. 

The MTF of a perfect diffraction-limited lens is^^ 

W K> - 7 [®»' 1 (T>-(T ) J 1 -^ 2 ] (3 - 28) 

where 

, ttD 

b = fa 

and 

A is the wavelength 
D is the lens aperture diameter 


3. 3. 1.4 Sensor MTF — The MTF of the camera tube or sensing device 

will be handled in several ways in the analytical models. When possible, 
mathematical expressions for sensor components will be used, if good 
correlation with actual device performance is indicated. In some cases, 
where the mathematical expressions are not available (such as for complex 
electron optical sections), actual MTF data will be used in tabular form. 


The general expression for the sensor MTF consists of the product 
of all the sensor components, provided that all the elements are linear. 

Therefore 

T SEN^^ - (3-29) 
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where 


t (K) = the image section MTF 
IS 

t t (K) * the target MTF 

t (K) = the readout MTF 

R 

3. 3. 1.4.1 Readout MTF - The MTF of the readout beam can be readily 

calculated assuming the scanning electron beam spot has a Gaussian shape 
The readout MTF is determined by taking the Fourier transform of a Gaussian 
distribution. 


where 


(K) - 


o = standard deviation 


(3-30) 


To perform this calculation a must be defined in terms of the beam 
diameter. This can be accomplished in a number of ways. Sometimes the beam 
diameter is defined as the full width at half maximum on the Gaussian curve, 
which yields a spot diameter d = 2.35 o. In this study, the beam diameter 
will be defined as the full width of the Gaussian curve at the 5% amplitude 
point. This yields a spot diameter of d = 4a. 

3. 3. 1.4. 2 Target MTF - Analytical expressions for the target MTF can be 

obtained for all camera models. Expressions for the theoretical MTF of the 
electrostatic storage targets have been derived by Krittman. 
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For a slow-scan vidicon or SEC target, the target MTF is: 

. -4irKti 
1-e J- 


t t (K) - , 

T 4irKti 


where 


t^ = the target thickness. 


For the image orthicon and image isocon, the target MTF is: 

_ e -47rKt 1 _ e -4?rK(t 1 + t 2 ) 

X T 4-rrKt2 

where 

t 2 = target-to-mesh spacing. 


(3-31) 


(3-32) 


In the electrostatic storage camera and SiO^ vidicon where the 
dielectric constant,^, of the storage medium is not unity, the target MTF 
becomes: 


t(K) 


i -4-irKtn 
1-e 1 


2k, 


target 


4irKt 


1 (k 1 +l)+(k 1 -l)e~ 4wKt l 


(3-33) 


The modulation transfer function for the silicon target used in 
the silicon vidicon and SIT vidicon will be determined analytically. The 
target MTF, which dominates the overall sensor MTF, is made up of three 
factors: the diode spacing; the lateral diffusion; and electrostatic thickness. 


Crowell (13) 


describes the first two effects which are summarized 


below. 



by: 


The MTR resulting from lateral hole diffusion, t (K) , is given 

H 


t r (k) = n R /n 0 

where 

_ aL(l-R) r 2 ( aL+S v L/D h )_(0 +' B - )exp( ' aL a ) 
P K ct 2 L 2 -l L B + -g_ 

(aL) ^exp (-aL a > ] - (1-R) exp (-al^) 

and 

n o = ‘ 

K K - 0 

and in which 

B ± = (1 ± S v L/D h )exp ± (L a /L) 

and 

1/L 2 (K) = 1/L 2 + K 2 
o 


(3-34) 


(3-35) 


(3-36) 


(3-37) 


(3-38) 


a = silicon absorption coefficient at the wavelength 
of interest 

R = silicon reflectivity at the wavelength of interest 

= sur ^ ace recombination velocity for holes at the 
illuminated surface 

= hole diffusion constant in n-type silicon 

1.^ = thickness of undepleted region 

I*k = thickness of the n-type region plus width of 
depleted region 

K = spatial frequency 
= diffusion length. 
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The MTF for the finite diode spacing, x^OOjis given by 
sin2nKd 


where 


T D (K) 2irKd 


2dp = center-to-center spacing of diodes. 


(3-39) 


The third silicon target MTF component due to the electrostatic 
thickness (the first-scan effect), t (K) , is described by Krittman^ 12 ^ as 


t e 00 = 


, -4nKt-, 

1-e 1_ 

47TKt-, 


(3-40) 


where t^ is the thickness. 


By combining these effects, the target MTF, t t (K), is then 
determined. 

t t (K) = t d (K)t r (K)t e (K) (3-41.) 

3. 3. 1.5 Image Section MTF — The MTF of the image section is the 

product of the imaging electron optics MTF, the photoconductor or photoemitter 
MTF, and the fiber optics faceplate MTF when used. The image section MTF will 
most likely be introduced into the analytical models in tabular form from 
experimental data rather than as mathematical expressions, because the 
theoretical expressions are generally not available. 


i 
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3.4 


AERIAL IMAGE MODULATION CURVES 


The limiting resolving power of a camera system can be calculated 

in numerous ways. One method that will be used to compare systems in this 

study is the aerial image modulation curve (AIM). Using this method, the 

limiting resolution of a system can be obtained from the intersection of the 

sensor AIM curve (also called the modulation detectability curve) M (K) , with 

d 

the available aerial image modulation function, M^K). 

The available aerial image modulation can be defined at any 

point within the camera system. However, it is convenient to define M (K) as 

a 

the aerial image modulation at the sensor faceplate in order to obtain a 
better comparison of the performance of the candidate sensors. The analytical 
expression for M g (K) is given by 


M a (K) - Vim® W K > 


( 3 - 42 ) 


The modulation, M^(K) , at the sensor faceplate is determined by 
considering all MTFs occurring prior to the sensor. A schematic representation 
of the camera system showing this relationship follows. 


M 

o 



M i (K) or M d (K) 


M a (K) 
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The modulation detectability curve M^(K) (also called the threshold 
modulation) is developed from the relationship 


where 


M d <K) 


StlR L 

SNR(K) 


(3-43) 


SNR(K) = the slgnal-to-noise ratio of the camera system 

SNR^ = the limiting threshold signal-to-noise ratio. 

This value is generally set between 1.7 and 
3.6 when testing a system depending on the type 
of target pattern used and if motion is present. 
A value of 3 was selected for the curves plotted 
in this study. 


The modulation detectability curve M^(K) , as shown in Figure 3-2, 
defines the locus of constant signal-to-noise ratio (at the threshold value of 
SNRl) . It also describes the minimum aerial image modulation at the sensor 
required to achieve the resolution corresponding to the intersection of the 
two curves. 


Figure 3-2 illustrates the method of determining the resolving 

power of a camera system. Here, the available aerial image modulation and 

the modulation detectability curve of the camera are plotted as a function 

of spatial frequency. Note that the scene is resolved when M > M (K) and 

a — d 

that the limit of resolution occurs when M = M (K) . The limiting resolution 

3- Q 

of the system (at a threshold signal-to-noise ratio of 3) is indicated by the 
spatial frequency corresponding to the intersection of the two curves. 
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AIM CURVE (HYPOTHETICAL EXAMPLE) 


FIGURE 3-3 
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To find the resolution which would be obtained with a low-contrast 
target, we use the same modulation detectability curve. Only the available 
aerial image modulation is affected by the contrast change. For a contrast 
ratio of 2:1 (M q = 0.33), the ordinate of the curve, M^(K) , is multiplied 
by the scene modulation as shown in Equation (3-42) . 

The available image modulation can also be modified to show the 
effect of spin rate and other mission variables on system performance. At 
5 rpm, for instance, the performance of the system would be limited to the 
shaded region shown in Figure 3-3. 

3.4.1 APPLICATION OF AIM CURVES 

The AIM curve concept, described in Paragraph 3.4, will be applied 

in Section 7 to perform the worst-case analysis and to compare the performance 

of the candidate systems. The method is especially suited to comparing 

different sensors. Since the modulation, M (K) , is defined at the sensor 

a 

faceplate, the performance of the sensor is thereby isolated from the lens 
and the effects of image motion. Consequently, only the sensor portions 
of the candidate systems are compared. 

In Section 8, in which the analysis for a specific Jupiter orblter 
mission is performed using the selected camera systems, a different method of 
plotting performance is employed. In Section 8, the performance of the entire 
system is of interest and we do not want to isolate the sensor from the rest 
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of the system. In this case, the available aerial Image modulation is taken 
at the scene rather than at the sensor faceplate, and it is equivalent to 
the object modulation M q . The MTFs of the lens and for image motion are now 
used in the calculation of the modulation detectability curve, M^(K). 

Figure 3-4 illustrates the system modulation curve method of 
plotting performance. Note that the object modulation, M q , is plotted on 
the ordinate. Referring to Equation (3-16) we see that the object modulation 
is only dependent on the contrast of the scene and is invariant with the 
spatial frequency. Consequently, the object modulation can be represented 
by a straight horizontal line, and a contrast ratio scale can be superimposed 
on the modulation scale. 
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SYSTEM MODULATION (HYPOTHETICAL EXAMPLE) 

FIGURE 3-4 
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3.5 


SIGNAL-TO-NOISE RATIO 


The slgnal-to-noise ratios plotted in this study are calculated 

at two distinct locations along the image processing chain. First, the 

signal- to-no is e ratio at the data link (SNR^ ata link^ S^ ven t0 characterize 

a camera’s analog signal prior to encoding. Then the signal-to-noise ratio 

of the reconstructed picture (SNR .) at the ground recorder is 

reconstructed e 

determined. The SNR reconstructe j, as used in this analysis, represents 
the ideal case where no additional noise is introduced by the digitizing and 
recording processes and where no MTF loss is associated with digitizing. The 
characteristics of the telemetry equipment and ground recorder must be known 
before the actual performance in terms of the reconstructed picture can be 
determined. Without this information, we can only establish the limits of 
performance and conclude that the actual SNR of the picture will be between 
the data link and reconstructed picture signal-to-noise ratios given. 


3.5.1 


SIGNAL-TO-NOISE RATIO AFTER RECONSTRUCTION 


The analytical models developed in subsequent program tasks represent 
the SNR at the data link. In order to obtain the signal-to-noise ratio 
after reconstruction of the analog signal, the analytical models must be modified 


so that 


SNR 


reconstructed 


g 

6 2 ®> 


SNR 


data link 


(3-44) 
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where 


^ is any arbitrary area defined in terms of a resolution 
element of spatial frequency K so that 

\ = 4 > 2 ’ 

is the area of the recording beam (which in this analysis 
has been assumed to be the same as that of the scanning 
beam in the camera) , 

T rec 00 is the modulation transfer function of the recorder, 


and B >2 is a noise correction factor given by 0. Schade Sr. 


/ K / K t (K) 2 dK dK 
3 = ° ° rec x V 

2 ' ; K / K dKdK 
o o x y 


(3-45) 


Since the recording method has not been identified, in this analysis 
the recorder modulation transfer function will be set to unity. Consequently 


when t (K) 
rec 


1» i s a ls° unity and 



SNR 


data link 


(3-46) 


This equation represents an upper bound to the signal-to-noise 
ratio of the reconstructed image on the recording medium. Knowledge of 
the characteristics of the encoding circuits and recorder equipment are 
required to increase the accuracy of the calculation. 
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ANGULAR RESOLUTION ->LRA0IAN/Pvxet_ 


3.6 


RESOLUTION RELATIONSHIPS 


The resolution relationships required to determine the ground 
resolution for a camera system orbiting Jupiter are of interest. The 
conversion from angular resolution subtended by one pixel to ground resolution 
at the planet Jupiter can be obtained from Figure 3-5 for vertically-oriented 
camera systems. 


Starting with a known focal length, the angular resolution can 
be converted to spatial frequency in cycles/mm at the detector. Angular 
resolution can also be translated to ground resolution in km/pixel once the 
altitude of the spacecraft is known. 



RESOLUTION RELATIONSHIPS 

FIGURE 3-5 
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To convert directly from spatial frequency to ground resolution 
the following relationship may be used as a first-order approximation: 



where 

G = ground resolution in km/pixel 
H = altitude of the spacecraft in km 
K = spatial frequency in cycles/mm or lp/mm 
F = focal length in mm 

3.7 MAXIMUM SIGNAL-TO-NOISE RATIO 


(3-47) 


The maximum signal-to-noise ratio that a sensor can deliver is 
associated with quantum-noise-limited operation. The signal-to-noise ratio 
is limited by the fluctuations in the photon flux arriving at the photoemitter. 

If, during the exposure, the average number of photons per picture element 
is n and the quantum efficiency of the photocathode is n» then an average of 
nn photoelectrons /picture element strike the target. If no other noise 
sources are present. 


SNR (photoelectrons) = = fr\a 

Jm 


(3-48) 


It is important to realize that no amount of noise-free amplification 
can improve the photoelectron signal-to-noise ratio. From this viewpoint, 
placing an intensifier stage in front of any quantum-noise-llmited system 
would not improve performance. 
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SECTION IV 


COMPUTER PROGRAMS 

4.1 INTRODUCTION 

Computer programs have been developed for the signal-to-noise ratio 
models for all of the candidate imaging systems. These programs were used 
in Sections 7 and 8 to perform the parametric analysis. 

4.2 COMPUTER PROGRAMS 

The analytical models for the camera systems have been programmed 
in FORTRAN IV computer language. A separate program exists for each sensor 
type. Detailed symbolic listings of the programs along with a line-by-line 
description are given in Appendix B. Computational flow diagrams and samples 
of a typical input/output worksheet are included. 
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SECTION V 


RADIATION AND RELIABILITY FACTORS 


5.1 INTRODUCTION 

The objective of the radiation and reliability study is to 
evaluate each of the proposed sensors in order to help select the most suitable 
sensor for the Jupiter orbiter mission. First, the expected radiation environment 
is studied, then the effect of that radiation upon each of the various image 
tubes is discussed. Conclusions are then drawn on which tubes are the most 
reliable. 

5.2 DISCUSSION OF RADIATION 

5.2.1 MISSION DURATION 

The Jupiter orbiter mission consists of the passage from Earth to 
Jupiter with a mission objective of at least 10 orbital passes. The inter- 
planetary leg is expected to take from 750 to 900 days, and the orbital passes 

( 2 ) 

from 10 to 50 days each. Although many different orbit shapes are being 
considered for the mission, the charged particle densities will be calculated 
for an orbit in the Jovian magnetic equatorial plane with a periapsis of 2.29 R T 
and an apoapsis of 45.131 Rj. The neutron and gamma fluences will be 
calculated based on a total operating time of 1100 days. 
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5 . 2.2 


EXPECTED RADIATION DOSAGE 


Several sources contribute to the sensor radiation environment: RTG 
radiation; terrestrial and Jovian trapped particle radiation; galactic and 
solar cosmic rays; and the solar wind. The RTGs have a neutron and gamma 
ray flux, while the other sources consist primarily of protons, electrons 
and gamma rays. However, the charged particle flux in the Jovian magnetosphere 
is so much greater than that encountered in interplanetary space that all 
other charged particle sources can be neglected. 

5.2.3 RTG RADIATION 

( 2 ) 

Estimates by TRW V for the SNAP-19 RTGs indicate an average neutron 
3 2 

flux of 3.5 x 10 neutrons/cm -sec and an average gamma ray fltix of 5 x 10^/cm 2 -sec 

at the science package. Other estimates are as low as 250 neutrons/cm 2 -sec and 
3 2 

8 x 10 gammas /cm -sec, but the higher TRW measurements will be used for this report 
to establish worst— case results. Most of the neutron energy is in the 1—3 MeV 
range. 

5.2.4 JOVIAN RADIATION BELTS 

Several models have been developed for the Jovian radiation belts. 

The first, and most famous, is that developed by Neil Divine of JPL. Following 
the JPL Jupiter Radiation Workshop in July 1971, a new model was devised 
(BKTC model) which predicts significantly higher fluxes for both protons and 
electrons (16) . it should be pointed out, however, that both models rely on 
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analysis of the decametric radiation from Jupiter, which is only related to 
the electron flux. The proton flux has then been estimated from the electron 
flux. The graphs in Figure 5-1 depict the fluxes as a function of distance 
from the center of Jupiter in the equatorial plane. Using the BKTC model, the 
equatorial charged particle fluxes at 2.29 Rj are 


Nominal 

protons: 5 x 10 ^ 

electrons: 7 x 10 


Maximum 

9 2 

7 x 10 particles/cm -sec 

7 2 

5 x 10 particles/cm -sec 


The maximum exposure occurs within a few hours of periapsis. For 

example, at t - ± 4 hours, the spacecraft is beyond 5 Rj, which reduces the 

flux by two orders of magnitude for the BKTC model. The resulting integrated 

13 2 

proton fluences are on the order of 4 x 10 /cm per orbit. Thus, for a ten- 
orbit lifetime, the total particle fluence would be: 

2 

Max. Fluence /cm 


protons 

4 

X 

io 14 

electrons 

3 

X 

io 12 

neutrons 

3 

X 

io 11 

gammas 

5 

X 

io 12 


5.3 SENSOR RADIATION RESISTANCE DATA 


Degradation of a sensor can occur in many ways. However, since all 
the parts of each sensor system except the target are identical from a 
first-order radiation damage standpoint, only the various targets will be discussed 
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Particle Flux/cm -sec 


RADIATION MODELS FOR JUPITER 



Equatorial Orbital Distance (R ) 

J * 



BKTC model of charged particle fluxes in 
Jupiter's trapped radiation belts. 

(Data from Beck) 


Figure 5-1 


Divine model of charged particle fluxes in Jupiter's 
trapped radiation belts. (Data from Beck) 




in detail. For instance, each sensor will require a set of optics and electronic 
equipment. The radiation damage caused to each sensor system by degradation of 
these parts will be approximately equivalent. Only the relative radiation 
resistance of the sensor targets will cause significant differences. 

Each of the candidate sensors will be subject to problems arising 

from radiation effects on the glass envelope. For instance, at proton dosages 
10 2 

above 10 /cm , clear pyrex glass turns brown. In addition, luminescense can 
occur when particles collide with the glass. It is therefore recommended that 
fused silica or quartz be used for faceplates and that ceramic be used for the 
tube bodies. This would help to eliminate two important problem areas. 

Detailed sensor data follows. 

5.3.1 SEC TUBE 

The target of the SEC tube is comprised of 500 X of Al-0, deposited 
on a 500 X thick layer of Al. Deposited on the A1 and facing the read gun is 
a porous layer of KC1. In operation, arriving photoelectrons from the 
photocathode generate secondary electrons in the KC1 layer. These electrons 
are replaced by the read beam. 

This tube is particularly gamma radiation resistant due to the 
excellent insulating properties of the KC1 layer which holds the charge. Radiation 
studies done for the Apollo ATM program by Westinghouse showed that there 
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were no permanent irreversible effects on tube performance after gamma 

irradiation. This includes photoresponse, sensitivity and lag. When tubes 

were operated in a gamma ray flux, the only major problems were image 

7 o 

washout and reduced storage time. At dosages of 1.8 x 10 gammas /cm -sec, 
the washed-out picture was observable. 

Using this as the maximum acceptable dose rate, the tube should 

15 2 

be able to survive almost 2 x 10 gammas /cm over the length of the trip. 

12 2 

This is far in excess of the 5 x 10 gammas/cm expected from the RTGs. 

More data is needed on SEC tube operation in proton and electron 
environments before a complete assessment of its reliability can be made. 

5.3.2 SIT TUBE/SILICON VIDICON 

The targets of the SIT and silicon vidicon tubes consist of a 
silicon diode array on a 1/2 mil thick silicon wafer. In the silicon vidicon, 
incident light impinges directly on the diode target, whereas in the SIT 
tube, electrons from the photocathode strike the diodes. Electron-hole 
pairs are thus generated, and the free holes are stored in the diodes until 
read out . 


Radiation studies performed by RCA Astro-Electronics^ 18 ^ show that 
the silicon diode array target is fairly sensitive to radiation. A neutron 
fluence of 10 /cm 2 plus a 7 x 10 13 /cra 2 gamma-ray fluence caused a doubling 
of the dark current, although the quantum efficiency was unchanged. No 
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12 2 

structural damage was evident until the f luences approached 10 /cm and 

7 x 10 1 ^/cm^ respectively. Proton irradiation with low-energy protons (3 MeV) 

seemed to do the most damage, causing a 40-fold increase in dark current 

13 2 

with a fluence of 10 /cm . The quantum efficiency of the target was also 
degraded by as much as a factor of 3. Electron bombardment at the same fluence 
level caused only a 3-fold increase in dark current and a slight decrease in 
quantum efficiency. 

(19) 

Studies done by JPL on silicon vidicons showed that for 2-MeV 
12 2 

electron f luences of 4 x 10 /cm , the only significant image degradation was 
caused by an increase in dark current. However, this was caused primarily 
by fluorescence in the 7056 faceplate. This effect declined after a period of 
hours and the vidicon performance returned to its original level. 

The graph in Figure 5-2 shows how selected particle bombardments 
affected the dark current of silicon diode arrays. 



Particle fluence versus relative increase in 
dark current for bare Silicon diode arrays.. 

V = 8 volts. (From data in Brucker) 

T 

Figure 5-2 
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In summary, only the proton radiation appears to be potentially 

10 2 

damaging. The threshold limit for good spectral response is 10 /cm . This 
fluence will be exceeded during the mission, so the SIT tubes will need careful 
hardening and shielding to survive. This shielding would increase the weight 
of the tube. 

5.3.3 CHARGE-COUPLED DEVICES 

The charge-coupled-device imager is basically an array of metal- 
insulator-semiconductor capacitors on a thin semiconductor substrate. When 
an image is projected onto the array, minority carriers accumulate in the 
potential well associated with each capacitor in proportion to the photon 
fluence. The resulting charge configuration can then be serially read out by 
utilizing the intrinsic shifting ability of the array. Thus, although a buffer 
or tape recorder would be needed (unless the target were cooled) , the support 
electronics is otherwise limited to the shifting circuitry. No high-voltage 
or filament supplies are required. 

No experimental work has yet been done on the radiation resistance 
of CCDs. Since these devices are similar to MOS transistors, some similar 
effects can be inferred. The major effects of ionizing radiation on MOS 
devices are the buildup of positive charge in the oxide and the generation of 
new interface states. However, the CCD is insensitive to the positive charge 
buildup, and the generation of new interface states can be minimized by using 
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the "buried channel" construction technique . The major remaining problem 
would then be the increase in dark current caused by the displacement damage 
due to heavy particles. This damage occurs in all materials. 

Thus, although there is no data available on CCD radiation resistance, 
it is expected that these devices can survive at least as well as the silicon 
diode arrays. 

5.3.4 ELECTROSTATIC STORAGE CAMERA 

The ESC target consists of an Sit^ film on a conductive substrate. 

In use, a flood of electrons first primes the surface to a uniform potential. 
Then the arriving photoelectrons penetrate the film and discharge the surface, 
causing the resultant surface charge distribution to be proportional to the 
input signal. Due to the high energy of the arriving electrons and the 
large electric field in the film, many conductive electrons are released by 
each photoelectron by the process of EBIC gain. Readout is accomplished by 
sampling the charge with an electron beam. 

Recently, experiments have been performed by CBS Laboratories to 
determine the radiation sensitivity of the storage film^ 21 ^. Target samples 
stored in evacuated ampoules were exposed to varying amounts of proton and 
electron and Bremsstrahlung radiation. The irradiated samples were tested for 
discharge of the surface potential, EBIC gain, and long-term charge storage. 
Table 5-1 summarizes the maximum dosages involved. 
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TABLE 5-1 


PARTICLE BOMBARDMENT OF ESC STORAGE TARGET 


TEST RADIATION 

FLUENCES 

EXPECTED MAXIMUM MISSION FLUENCE 

ELECTRONS 


energy 

maximum 
fluence . 
particles /cm 


.3 MeV 

1.9 x 10 14 


1.0 MeV 

6.3 x 10 13 


Total Fluence 

2.53 x 10 14 

12 2 
3 x 10 electrons /cm 

PROTONS 

energy 

maximum 
fluence 
particles /cm 


2.0 MeV 

12 

2.0 x 10 


30 MeV 

1.6 x 10 12 


48 MeV 

2.0 x 10 l2 


Total Fluence 

5.6 x 10 12 

, 

14 2 

4 x 10 protons/cm 
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Results of the experiments show that no decrease in the EBIC gain 
or long-term charge storage properties was observed. Also, there was no 
measurable change in the surface potential of the film. This indicates that 
the ESC should have sufficient radiation resistance to survive the Jupiter 
orbits, although further radiation studies at larger proton fluences are needed 
to confirm this. 

5.3.5 SLOW-SCAN VIDICON 

Targets for these vidicons are made from a variety of materials, 
so no general results can be inferred. 

( 22 ) 

One short study done by JPL evaluated the radiation resistance 

of a GEC Selenium-Sulfur vidicon, a slow-scan vidicon used on Surveyor. 

12 14 

Irradiations were performed at fluence levels of 2 x 10 , 1 x 10 , and 

15 2 

1 x 10 electrons/cm . The electron energy was approximately 2 MeV. At 

the increasing fluences, there was increasing video distortion immediately 

after irradiation. However, this decreased with time, and even at the most 

severe level, all the electrical parameters and the video had returned to 

normal after two days. No permanent damage was observed until the final 

15 2 

irradiation at 1 x 10 /cm . The glass envelope (but not the quartz faceplate) 
exhibited some browning, and radiation- induced crystallization had caused 
some blemishes in the target. 
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Unfortunately, this study is not broad enough to draw any general 
conclusions. It uses only one test sample and does not study the effects of 
proton bombardment, which are expected to be more severe. 

5.3.6 CONCLUSIONS 

There is insufficient experimental evidence available to completely 
categorize the susceptibility of the various targets to radiation damage. This 
points out a need for more radiation studies on these devices, particularly 
in view of the increased proton fluences predicted near Jupiter by the BKTC 
model. 


However, a general grouping of these devices in order of increasing 
susceptibility to radiation damage can be made on the basis of each mode of 
operation. 

• Least Susceptible : SEC and Si0 2 vidicons, and ESC. 

These devices use an insulating film to store the image 
until readout. The only degradation expected is due to 
the discharge of the target during long storage periods or 
in peak radiation environments . 

• More Susceptible : SIT vidicon, ICCD. 

These devices have semiconductor-array type targets with a 
photocathode. Since these targets have lower back resistance 
than the insulating films, they are more prone to discharge or 
increased dark current. Although they also suffer some loss 
of quantum efficiency during and immediately after exposure 
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to ionizing radiation, the quantum efficiency of the 
photocathode is unchanged and the overall sensitivity Is 
not reduced. 

• Insufficient Data : RBV and CCD. 

Although there is no information on the performance of 
the RBV or CCD during and after exposure to radiation, 
these devices both have photoconducting targets which 
may be susceptible to increased dark current and loss 
of quantum efficiency. This effect has been reported 
in other vidicons with photoconductive targets, namely 
the SSV and the silicon vidicon. 

5.4 DISCUSSION OF RELIABILITY 

5.4.1 RELIABILITY ASSESSMENT 


A complete reliability analysis of a large system requires large 
amounts of performance data, especially when nonstandard parts such as imaging 
tubes are used. Typically, such a system would be run for a long period of 
time, with careful count kept of the number of component failures. The mean 
time before failure (MTBF) of such a system can be calculated from 


MTBF 



(5-1) 
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where 


T^, = total system test time 

N„ = total number of failures 
F 

P = desired confidence level of MTBF 
c 

X 2 - chi-square value of 2N_+ 1 degrees of freedom 
at confidence level P c , 

A lower limit on the MTBF could be calculated by substituting 

[l - P ] for P in the denominator. 
c J c 

The reliability of the system would then be calculated from 
t 

o 

MTBF 

R = e (5-2) 

where t is the desired operating time of the system. 

In a large system, the MTBF can be estimated using the known failure 
rates of standard electronic parts. To accomplish this, the system is broken 
successively into smaller subsystems for which the MTBF can be individually 
calculated. On nonstandard parts, an estimate is made based on the best 
available data. The estimated MTBF is then computed for each block, and its 
reciprocal, or failure rate, is calculated. The failure rates of the individual 
blocks are then summed, and the reciprocal of this sum is the estimated MTBF of 
the entire system. 
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The level of effort of this particular study is insufficient to 
cope with the large amounts of data needed to provide this information. A 
qualitative evaluation of each device will be made instead, followed by a 
breakdown of device types in order of overall expected reliability. 

5.4.2 CANDIDATE CAMERA SYSTEM RELIABILITY 

Good radiation resistance and long storage time can be expected 
from the SEC c am era. No tape recorder or data buffer is needed, no special 
cooling equipment is required, and in some cases image motion compensation 
can be applied electronically. Space-qualified tubes are available and the 
sensor has flown on many missions. Target structures have been improved 
especially in the area of target bum resistance. The SEC tube should 
be quite reliable. 

The SIT camera has only fair radiation resistance. This camera 
system will require either a tape recorder for image storage or a special 
cooling system for slow-scan operation. On the plus side, space-qualified 
tubes with cer ami c envelopes are available. IMC can most likely be applied 
electronically. Even with the tape recorder option, the reliability should be 
good for a three-year mission. 

The radiation resistance of the silicon vidicon is questionable, 
due to the loss of quantum efficiency and the increased dark current caused 
by irradiation that was reported in the JPL studies. It requires either a 
tape recorder or cooling apparatus. Also, it needs mechanical image motion 
compensation and a mechanical shutter since it has no photocathode. The overall 
reliability is fair. 
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An internal storage capability and long storage time is the big 


advantage of the ESC camera. It can expose and internally store many pictures 
in a short interval of time without a tape recorder. It does not require 
mechanical IMC or special cooling equipment. The basic tube will have a 
mechanical rotating drum to provide multiple frame storage. Although the 
basic tube has a higher parts count than most other image tubes, the reliability 
should be better than most other sensor/tape recorder combinations. Although 
the ESC is still in the development stage, the overall reliability should be good. 

Since it is much less complex than any of the other cameras, the 
CCD camera needs much less instrumentation to operate and requires less power. 

A buffer or tape recorder is needed for storage, however, unless the device is 
cooled. The ICCD does not need mechanical IMC, while the CCD alone does. Both 
devices should have high reliability, but they are still in the experimental 
stage. 


The radiation resistance of the SSV camera remains questionable, 
as no thorough studies have been made. Space-qualified tubes have been used 
on many missions. Mechanical IMC is needed, and the use of certain photo- 
conductors would require cooling equipment. The reliability would be very 
good except that the factor of unknown radiation resistance reduces it to 
the fair-to-good level. 
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The return beam vidicon is space-qualified and is currently being 
flown on the Earth Resources Technology Satellite. The RBV's photoconductor 
may be susceptible to the radiation environment, however. A thermal control 
system or tape recorder, mechanical IMC, and mechanical shutter are required. 
While the reliability of the basic tube is good, the combined overall system 
reliability for this mission is reduced to the fair level. 

The silicon dioxide vidicon is still being developed but should 
closely resemble the SEC vidicon from a reliability viewpoint when operational. 
The device should be quite reliable because of its good radiation resistance 
and simple construction. No tape recorder, cooling equipment, or mechanical 
IMC will be required. 

5.4.3 CONCLUSIONS 

Only a qualitative assessment relating the comparative reliability 
of the candidate sensors is possible until specific auxiliary hardware is 
selected. Items such as tape recorders, special thermal control. Image motion 
compensation mechanisms and mechanical shutters can haye a great impact on 
reliability figures. From a radiation and reliability standpoint, the SEC 
tube, silicon dioxide vidicon, and charge-coupled imagers should rate high. 

The SIT vidicon and ESC systems should have good reliability. The reliability 
of the RBV, silicon vidicon and slow-scan vidicon systems will range from good 
to fair, depending on the auxiliary equipment requirements and the amount of 
shielding provided. 
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SECTION VI 


IMAGE MOTION ANALYSIS 


6.1 INTRODUCTION 

The purpose of this section is to determine the performance 
limitations of the candidate sensors resulting from the rotation of the 
spacecraft and to establish the extent to which the performance of these 
sensors can be improved through the use of image motion compensation. 

The conclusion is that without image motion compensation, the 
peak-signal-to-RMS noise of all the selected sensors is too low for satis- 
factory performance on the Jupiter orbiter mission. With IMC, however, 
several of the sensors exhibit acceptable SNRs. 

6.2 PERFORMANCE ANALYSIS OF IDEAL SENSORS 

The output signal-to-noise ratio of any sensor is a function of 
many parameters. Due to differences in construction and operation, the 
output signal-to-noise ratios for various sensors under the same output 
conditions may be quite different. There is, however, an upper limit to 
the signal-to-noise ratio (SNR) value that can be obtained. This upper 
(quantum) limit is only a function of the irradiance from the scene, the 
sensor optics, the exposure time, the pixel size, and the responsivity of 
the sensor. 

To derive an expression for the quantum-limited signal-to-noise 

ratio of an ideal camera, begin with the definition of the output signal of 

a camera as given in equation (3-23). There, the output signal is defined 

as 2M t (K)I. , where M is the scene modulation, I. is the camera output 

current, and t (K) is the camera system modulation transfer function. The 
s 

ideal camera causes no signal degradation so t (K) = I. The quantum 

s 
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noise associated with this signal is defined as jT[~ , so the signal-to- 

i 

noise ratio of the ideal camera, in general terras, becomes 2M I /Jr — 

o i » 

or 2M ✓ I. . 
o i 

This expression can now be expanded in terms of the camera para— 

meters and the scene irradiance. The camera output current I ±i in amps, is 

equal to the product of the flux density at the photocathode F times the 

pc 

responsivity R^ of the photocathode. The scene flux incident on the camera 

lens is related to the flux at the photocathode by F T = 4f F , where f is 

L pc 

the focal ratio of the camera lens. Since f is a pure number, the product 

F L y4 f2 gives the current density (at the target) in amps/m 2 . Since an 

ampere is a coulomb per second, multiplying by the exposure time t gives 

2 

the total coulombs/m per exposure. If the area of each resolution element 
is A square meters, multiplying the expression by this factor gives the 
coulombs/resolution element accumulated during the exposure. And finally, 
dividing by the electron charge e in coulombs gives the number of electrons 
available from each resolution element per exposure for an ideal camera. 


The quantum-limited peak-signal-to-RMS-noise ratio (SNR) of an ideal 


camera then becomes: 


SNR 


2M [ 
o 


“lV« 

4ef ^ ^ 


% 


(6-1) 


In obtaining this expression, the assumption is made that there are 
no transmission losses within the optics, that there is no degradation in 
the signal due to the response of the sensor ( T g EN (K) = 1), and that there is 
no degradation in the signal due to image motion. 
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6.2.1 


SNR DEGRADATION DUE TO IMAGE MOTION 


Several types of image motion can reduce the performance of a 
sensor. Linear motion, random motion, sinusoidal vibrations, and parabolic 
movement all result in a "smearing" of the image during exposure. This 
smearing degrades the output signal of the sensor. The relative magnitude 
of the various motions are discussed below. 


6. 2. 1.1 Motion of the Spacecraft Relative to Jupiter - The most obvious 

motion is that of the entire spacecraft with respect to the planet's surface. 
This is comprised of the rotational speed of the planet, the velocity of the 
spacecraft, and the inclination of the spacecraft orbit to the planet’s 
equator. The worst case occurs when the spacecraft is in an equatorial orbit. 

Using the 2.29 X 45.13 Rj. orbit as an example, the spacecraft orbit 
( 23 ) 

period is 14.222 days v ' . The average spacecraft velocity over the elliptical 
orbit is given by 


4a E (e , -ft/2) 

— O O O 

V = r 


( 6 - 2 ) 


o 

where a is the length of the semimajor axis, E (e ,tt/2) is the value of the 
o o o 

complete elliptic integral of the first order, and e^ is the eccentricity of 
the orbit. For the 2.29 X 45.13 Rj orbit, the average velocity is 6.43 km/sec, 
while the velocity of the spacecraft at periapsis is 


v = 38.41 km/sec, or 
p 

_ A 

u) = 2.349 x 10 rad/sec. 
P 


The planet Jupiter has a rotational period of 9 hours, 55 minutes and 

(24) -4 

30 seconds . This is equivalent to an angular velocity of 1.759 x 10 


rad/sec. Since the spacecraft orbit is direct, the total relative angular 
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velocity of the spacecraft with respect to the planet Jupiter at periapsis is 

oi . = 5.9 x 10 5 rad/s ec. 
tot 


The image smear due to this relative angular velocity can now be 
calculated. Assuming a 400-mm focal length, a 1.0-msec exposure time, and 
a 17.5 x 17.5 mm target with 700 pixels on a side, the amount of image smear 
is given by 


where 


and 


smear = 


to 

<- 


tot t e 

0 

V 



0 ~ 2 tan 

v 


Jl. 

2F 


(6-3) 


(6-4) 


n = the number of resolution elements 
P 

8 = the field of view 

v 


l - image format size 


The amount of image smear is 1.35 yrad, which is equivalent 
-4 

to 9.5 x 10 pixels. Since we can tolerate over 1/2 pixel smear, this 
amount of image smear can be neglected without compromising the resolution. 

The motion of the entire spacecraft with respect to the planet's 
surface results in linear image motion. Linear image motion also arises 
whenever the relative movement between the object or scene and the viewing 
system is linear as a function of the exposure time. 

6. 2. 1.2 Spacecraft Rotation - The spin-stabilized spacecraft will be 

rotating on axis at a fixed speed of 2 to 32 rpm. This is equivalent to 
angular velocities of 0.21 to 3.35 rad/sec respectively. Using the system 
parameters of the previous example, the corresponding angular smear values 
range from 0.21 to 3.35 mrad. For a 1.0 msec exposure time, the image 
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smear is from about 3.4 to 54 pixels. At a nominal spin rate of 5 rpm, a 
smear of approximately 8.4 pixels results if we do not compensate for the 
motion. 


An image motion compensation system is needed to reduce the smear 

to a tolerable level (0.5 to 1.0 pixel). The effectiveness of the IMC 

system depends on many factors including the type of IMC system selected, the 

type of motion present, and the method of measuring the motion. Currently 

available IMC systems provide compensation for about 90% of the horizontal 

. . i (25) 

relative motion between the sensor system and the planetary scene . 
Additional development could result in IMC systems which would compensate for 
99% of the relative motion. In this study, a 90%-ef fective IMC system has been 
assumed whenever IMC is employed. 

With a 90%-ef fective IMC system, the uncompensated smear of 8.4 
pixels, resulting from a spacecraft rotating at 5 rpm, will be reduced to 
0.84 pixels. As spin rates increase, the smear soon becomes excessive. Either 
the exposure time must be shortened or a more effective IMC system must be 
utilized at the faster spin rates. 

Both mechanical and electronic IMC systems are feasible. Generally 
the amount of smear is small compared to the size of the raster, so that 
compensation can be readily applied using electronic IMC techniques, provided 
that the amount of correction required is accurately known. 
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One of the simplest methods is to preprogram the IMC from the 
ground to compensate for the smear. However, this means that the speed of 
rotation has to be exactly that calculated. A more complex method would 
involve using a star tracker to check the speed of rotation. This could 
be accomplished with the image tube itself as it pointed away from Jupiter, 
or with the sensor currently employed on Pioneer for roll reference. 

When the camera is pointed normal to the spin axis of the 
spacecraft (which is the condition assumed for calculations in this 3tudy), 
the image motion caused by spacecraft spin rate is essentially a linear 
function of the short exposure time required. A single-direction IMC system 
can generally compensate for this apparent motion. If the camera is pointed 
in a forward— oblique direction to the spin axis, the image motion becomes 
more complex . It is no longer linear because a rotary component of 
motion is added. The net image motion (or image velocity) is a quadratic 
function of the frame coordinates A two-direction IMC system must be 
employed to compensate for this type of image motion. 

6 * 2 ' 1,3 Platform Motion - Another source of image motion is random 

vibrations of the sensor mounting platform. These are often due in part to 
the limit cycles in the IMC servo system and spacecraft attitude control. 

In addition, any moving part on the spacecraft will cause some jitter at 
the sensor. Typical values for the RMS platform unsteadiness are given as 
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( 28 ) -4 

between 50 and 500 arc-seconds per second^ 1 » corresponding to 2.4 x 10 
to 2.4 x 10 _3 rad/sec. This larger value results in a 0.04 pixel smear for 
the conditions given in paragraph 6. 2. 1.1 above. 

6. 2. 1.4 Conclusions - The spin motion of the spacecraft is the only 
significant component of image motion, and the only component that will 
cause any appreciable smear. For the nominal values given, 90%— effective 
IMC would reduce the smear to less than one pixel. 

6. 2. 1.5 Image-Motion Transfer Functions - The reduction in output 
signal due to the linear image motion can be taken into account by introducing 
a transfer function, t tw (K)» into the mathematical expression for the output 
signal of the sensor. This is 

S under image T IM^ S under no image 

motion conditions motion conditions 


As discussed in the section on Camera Modeling, the transfer function 
for linear image motion can be expressed as 


sin (ttA K) 
m 

X IM ~ ttA K 
in 


(6-5) 


where is the magnitude of image motion relative to the sensor's faceplate 
during the exposure time. It is assumed that the camera is pointed normal to 
the spin axis of the spacecraft for these analyses. 


i 
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Fw t 
s e 


( 6 - 6 ) 


A is given by 
m 


where 


A = 
m 


F = focal length of the lens 

w = spin angular velocity 
s 

t^ = exposure time 


As can be seen from Equation (6-5) , increasing the spin rate, 

exposure time, focal length, and spatial frequency all result in decreasing 

values of t t .,. 

1M 

By combining equations (6-1), (6-5), and (6-6), the mathematical 
expression for the quantum-limited peak-signal-to-RMS noise ratio (SNR) 
under image motion conditions becomes 


M sin(uFu> t K) AF_R_ \ 

SNR = ° ^ 5 e r— £J£] 

ttFw Kf 1 et 1 

s e 


6.2.2 OPTIMIZATION OF EXPOSURE TIME 


(6-7) 


Equation (6-7) suggests that for a fixed spin rate, focal length, 
F-number and spatial frequency, an exposure time exists at which an optimum 
SNR (using no image motion compensation) can be obtained. 



By taking the derivative of equation (6-7) with respect to t and 
setting it equal to zero, the value for this optimum exposure time can be 
determined. Setting the derivative equal to zero results in the following 
expression: 


t opt 
e 


tan(irFw Kt °* >t ) 
s e 

2xRu K 


This equation is satisfied when 


opt 


n 171 


( 6 - 8 ) 


The corresponding value for t (K) is 0.79 which in turn corresponds 
to a smear of 0.74 pixels. 

6.2.3 PERFORMANCE OF "IDEAL SENSORS" UNDER NO-IMAGE -MOTION -COMPENSATION 
CONDITIONS 

Using the results of the analysis described above, the optimum SNRs 
for three types of ideal sensors under no-IMC conditions were calculated as 
a function of spin rate. The three types of sensors were: 

• Sensors using an S-20 photocathode 

• Sensors using a silicon photoconductor 

• Sensors using an ASOS photoconductor 
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In making these calculations, the "worst-case" conditions at 
Jupiter (1.3:1 input contrast, 60° phase angle) were used. Also, a lens 
with f = 4 and F = 400 mm was chosen. 


The results of these calculations are presented in Figure 6-1. In 
this figure, the optimum SNRs of the three sensors are plotted as a function 


of spin rate for a resolution of 10 lp/mm. Some of the optimized exposure 
times used in obtaining these SNRs are also presented. 


In order to obtain larger SNRs from these sensors under the 
conditions described above, image motion compensation must be used. 


PERFORMANCE ANALYSIS OF SELECTED CANDIDATE SENSORS UNDER NO-IMAGE- 
MOTION-COMPENSATION CONDITIONS 


An analysis similar to that described for ideal sensors was 
performed using the sensors which were selected for study in this program. 
Specifically, this analysis was performed using the detailed peak-signal-to- 
RMS-noise models developed for the 


SIT Vidicon 

SEC Vidicon 

Si02 Vidicon 

Intensified SEC Vidicon 

Silicon Vidicon 

Intensified Silicon Vidicon 

Slow Scan Vidicon 

Intensified Slow Scan Vidicon 

Return Beam Vidicon 

Electrostatic Storage Camera (ESC) 

Charge Coupled Device 
Intensified Charge Coupled Device 

(See Appendix A for detailed descriptions of the signal-to-noise 

models) 
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PEMC-SIGNAO.-TO- RMS-UOlSE. RATIO 



Fiauce e-l - P&FOR.MM4C& OF fDEAL S&WSOfeS UNDE^ 
NCHM&GE - MOTION -COMPE.NGAXION CONDIT IONS 



This analysis took into account such factors as: 


• Modulation Transfer Functions of sensor components 

• Readout Efficiencies 

• Noise sources other than the quantum noise which 
contribute to the overall output noise of the sensors. 

• Effect of image reconstruction on the slgnal-to-noise 
ratio. 


6.3.1 OPTIMIZATION OF EXPOSURE TIME 


As in the case of ideal sensors, there exist exposure times for 
these selected (real) sensors at which the output signal-to-noise ratios 
are maximum. To determine these optimum exposure times, an approach similar 
to that described in Section 6.2.2 was used. 

All of the signal-to-noise models developed for the selected 
sensors take the general form 


*SNR 


sinBt 



) t 


e 


[C + Dln(Et ) + Ft 
e e 


where A, B, F are independent of the exposure time, t * 

e 

*Note that D = 0 for all sensors except the charge- 
coupled and intensified charge- coupled devices. 


(6-9) 
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By taking the derivative of Equation (6-9) with respect to t and 
setting it equal to zero, the expression for the optimum exposure time takes 
the form 

2Bt e ° pt [C+Dln(Et e ° pt )+Ft e ° pt ] = [DfFt e ° pt ] [tan(Bt e ° pt ) ] (6-10) 


Having established values of B ... F, the optimum value for t is 
the value for which this equation is satisfied. 


In many of the cases studied, it was found that (6-10) could be 
simplified. Of course, for all the sensors except the CCD and ICCD, (6-10) 
reduces to 


2B 


[C+Ft ° pt ] = Ftan(Bt ° pt ) (D = 0) 


( 6 - 11 ) 


In addition, for those cases where Ft >> C, expression (6-11) 

e 


can also be simplified to 


. tan(Bt ° pt ) 
opt e 

5 2B 


(6-12) 


The quantity B is the constant multiplying the exposure time 
in the expression for the transfer function associated with image motion. 


i . e . , B = ttoj FK 
s 


(6-13) 
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This expression for t e ° pt , the same as that obtained for the ideal 

sensor [expression (6-8), Section 6.2.2], results in an optimum exposure 

time of 0.37/to FK seconds and a corresponding smear of 0,74 pixels, 
s 

In cases where those noise terms that are not a function of exposure 
time predominates (C >> Dln(Et e ° pt ) + Ft e ° pt ), expression (6-10) reduces to 
the form 


2BCt 


opt 


D + Ft 


opt 


= tan Bt 


opt 


(6-14) 


In those cases where C predominates, 2BCt opt /(IH-Ft 0pt ) is generally 

6 G 

much greater than 1. Under those conditions, Equation (6-14) is satisfied by 

values of Bt ° pt approaching ir/2. By substituting Equation (6-6) for A , and 

m 

into Equation ( 6 — 5) , Tj^(K) becomes 


T IM (K ^ “ S1 °/2^ 2) = °* 64 ^ P ixel smear). (6-15) 

6.3.2 RESULTS OF PERFORMANCE ANALYSIS OF SELECTED SENSORS UNDER NO- 
IMAGE-MOTION-COMPENSATION CONDITIONS 

Using the detailed signal-to-noise models for the selected sensors 
and the corresponding optimum values for the exposure times, the performance 
of these sensors under no-IMC conditions was determined. As in the case of 
the ideal sensors, worst-case conditions of 1.3:1 contrast, 60° phase angle 
were used along with a. lens with f = 4 and F = 400 mm. 
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Figures 6-2 and 6-3 show the results of this analysis. In Figure 
6-2, the optimum data link peak- signal- to -RMS noise-ratios are plotted as 
functions of spin rate for a resolution of 10 lp/mm. In Figure 6-3, the 
optimum peak-signal-to-RMS-noise ratios in the reconstructed images are plotted 
for the same set of conditions. Table 6-1 gives the optimum exposure times and 
the corresponding values of t^(K) used in this analysis. 


used: 


where 


To obtain the .plots in Figure 6-3, the following relationship was 


Reconstructed = <W % (SNR Data link ) 




area of resolution element 

area of read beam and recording beam 


(t 


rec 


(K) = 1) 


(6-16) 


The encoding, transmitting and recording processes will result in 
somewhat lower SNRs in the reconstructed images. However, until the 
characteristics of the telemetry and recording equipment are known, the 
extent to which these SNRs are degraded cannot be determined. 


85 



S>&*.(c.-t,IGWtL-TO- £M?-NCI55: CAT© 
(.DATA UMKl 



FIGURE 6-2- PERFORMANCE. OF SELECTED SENSORS UNDER WO- 
IMAGE -MOTION “COMPENSATION CONDITIONS 



FK5DRE G-S - PERFORMANCE OF SELECTED SENSORS 
UNDER. NO -IMAGE -MOTION -COMPENSATION 
CONDITIONS 


86 




TABLE 6-1 


OPTIMUM EXPOSURE TIMES AND CORRESPONDING 
t (K) VALUES USED IN PERFORMANCE ANALYSIS 


Spin Rate (rpm) 


_ q 

Exposure Time (sec x 10 ) 


4.4 

2.2 

1,1 

0.55 

0.275 





























In malting this snslysis , the espsbility of ths various sensor 
targets to utilize the totsl charge delivered to them during these exposure 
times was also considered. In several cases, it was felt that if the total 
charge associated with a given optimum exposure time was delivered to a 
particular target, an unrealistic shift in target potential would result. 
Consequently, certain upper limits were placed on the exposure times of the 

candidate sensors. The maximum allowable exposure times for each sensor 
were 


Sensor 
RBV, SSV 
Si0 2 , ESC 
SILV, CCD 
SITV, I CCD 
SECV 
ISSV 
ISILV 
ISECV 


Maximum Exposure Time (sec) 
1 x 10 -2 

5 x lCf 3 
3 x 10~ 3 

1 x 10" 3 

6 x 10“ 4 

4.5 x 10 -4 

1.5 x lCf 4 

2 x 10~ 5 


The dashed-line portion of the curves presented in Figures 6-2 and 
6-3 indicate those regions where the maximum allowable exposure times 
(rather than the optimum exposure times) were used in determining the SNRs. 

The low SNRs obtained for all the sensors in this analysis clearly 
point out the need for image motion compensation. 
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6.4 PERFORMANCE OF SELECTED CANDIDATE SENSORS UNDER COMPLETE-IMAGE- 

MOTION-COMPENSATION CONDITIONS 

The smear due to image motion can be greatly reduced by using image 
motion compensation (IMC) . Mechanical methods of IMC, toggling mirrors or 
image plane motion, can be used with any of the sensors being studied in 
this program. In those sensors having a photocathode and an image section, 

IMC can also be achieved by electronically shifting the "electron Image" 
within the image section during exposure. Two-direction IMC can readily 
be supplied using the electronic method. 

Regardless of the method used, IMC allows the use of longer exposure 
times. Where target capacitance permits, longer exposure times result in 
larger SNRs. This fact is illustrated in Figures 6-4 and 6-5. Here, the 
data link SNR and reconstructed SNR for the selected sensors are plotted 
as functions of exposure time for a resolution of 10 lp/mm. As in the case 
of the analysis performed under no-IMC conditions (Section 6.3.2), the 
worst-case conditions of 1.3:1 contrast, 60° phase angle and a lens with f = 4 
and F = 400 mm were used. However, unlike the analysis described in Section 
6.3.2, this analysis set t^(K) = 1 (complete image motion compensation). The 
maximum allowable exposure times, determined on the basis of target capacitance, 
are the points at which the plots for the various sensors end. 

For a given exposure time, the amount of image motion compensation 
required for complete compensation is a function of spin rate and the focal 
length of the lens. Figure 6-6 shows the amount of IMC required as a function 
of exposure time for the resolution presented in Figures 6-4 and 6-5 and for 
various spin rates. As in all these analyses, a lens with f = 4, F = 400 mm 
was used. 
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To illustrate the use of these graphs, consider a case where the 
following conditions and sensor specifications are given: 


Input Contrast Ratio 

Phase Angle 

Optics 

Resolution 

Sensor 

IMC 

Required data-link SNR 


1.3:1 

60° 

f = 4, F = 400 mm 
10 lp/mm 

Electrostatic Camera (ESC) 

yes 

15 


Figure 6-4 shows that in order to achieve a data-link SNR of 15 
under these conditions, an exposure time of approximately 1.45 milliseconds 
(pt. A) is required. Figure 6-6 indicates that the corresponding amount of 
IMC required is approximately 

2.45 pixels if the spin rate is 2 rpm (pt. B) 

4.9 pixels if the spin rate is 4 rpm (pt. C) 

9.8 pixels if the spin rate is 8 rpm (pt. D) 


Many tradeoffs are possible that could be used to optimize camera 
system performance. Factors such as the spin rate, the effectiveness of the 
IMC, the resolution, the exposure time, and optical lens parameters may be 
weighed against each other. Therefore, considerable flexibility is available 
to minimize image motion when it is more pronounced, such as when the viewing 
angle is not normal to the spin axis. 
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SECTION VII 


WORST-CASE ANALYSIS, COMPARISON OF 
CAMERAS, AND SELECTION OF BEST SYSTEMS 

7.1 INTRODUCTION 

The objective of this task is to select from the candidate 
systems the most promising frame imaging systems to be used on spinning 
platforms for long-term space missions. The selection is based upon the 
results of all of the previous analyses. 

In order to properly evaluate the candidates, more specific 
requirements and selection criteria must first be established. In this 
way systems are compared and measured against mission constraints and per- 
formance requirements . 

The results of exercising the analytical models of the candi- 
date systems using worst-case conditions are presented. Aerial image modulation 
(AIM) curves showing the different frame imaging systems under identical 
worst-case conditions are given with the effects of spin rate superimposed. 

The signal- to-noise ratios for the candidate systems at the data link and 
for reconstructed images are presented as a function of spatial frequency. 

Sensor resolution is shown as a function of exposure, and other relation- 
ships of interest are developed. 
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Finally, each candidate sensor system is examined in detail, 
and three systems are selected for additional analysis for the specific 
Jupiter orbiter in Section 8, The reasons for acceptance or rejection of 
each sensor have been identified. The systems selected for additional analysis 
are the SEC vidicon, the electrostatic storage camera, and the intensified 
charge-coupled device. 

7.2 SELECTION CRITERIA AND REQUIREMENTS 

In order to properly evaluate the candidate camera systems, specific 
mission requirements based on worst-case conditions and other study constraints 
will be established. The selection criteria will be based on these mission 
constraints and desired performance requirements. 

7.2.1 STUDY CONSTRAINTS 

The preliminary screening analysis to select the best camera 
systems will be based on the following constraints: 

• The analysis is limited to the planet Jupiter, 

• A worst-case phase angle of 60° is to be used, 

• A worst-case contrast ratio of 1.3:1 is to be 

used, 

• The mission duration is approximately 3 years, 

• The study is limited to frame imagers , and 
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• A surface resolution at Jupiter is 100 - 300 km 
for full disk images, 10 - 15 km for nested frames 
with limited coverage, and .10 - 15 km for satellite 
images . 

The constraints resulting from spacecraft limitations are: 

• The weight of the imaging system is limited to 
18 kg, 

• Spin rates of from 2 to 32 rpm are to be considered 
for a spin-stabilized system as typified by 
Pioneer F/G, 

« Imaging systems with long target storage are 

desirable so that data can be transmitted with- 
out ancillary storage equipment, 

• Image-mot ion- compensation systems are 
undesirable because of reliability considera- 
tions, but will not be precluded from the 
study , and 

• Data rates from Jupiter may be as low as 
2048 bits/sec and as high as 83,220 bits/sec 
depending on spacecraft telecommunications 
equipment. A nominal value of 16,384 bits/ 
sec is the most likely to be implemented. 


95 



7.2.2 


PERFORMANCE REQUIREMENTS 


The performance requirements to be used as study parameters have 

been established during a meeting between NASA and the contractor at the 

start of the study. The TRW Systems Group Report No. 20406-6004-RO-00, Study 

( 2 ) 

of Follow-On Pioneer Missions to Jupiter , was offered as a guide in 
establishing performance requirements and system parameters. A specific Jupiter 

orbiter with encounters with three satellites (2.3 x 45.1 Rj orbit) was selected 
as the mission to study in detail after completion of the worst-case parametric 
analysis and the camera selection. 

7 .2. 2.1 Imaging Requirements - Specific requirements for an imaging 

experiment will vary substantially, depending on the actual objectives of the 
investigation being conducted. However, certain imaging requirements, such as 
the minimum desired resolution, the field of view, and the allowable smear, 
can be anticipated for the purpose of performing this study. 

The surface resolution for viewing Jupiter is on the order of 10 km 
to 300 km. This fulfills the need for wide coverage over "extended periods of 
time to view dynamic processes, as well as nested pictures showing full-disk 
coverage to close-ups at periapsis. A resolution of 200 km would require a 
camera system with a format of 700 elements to obtain full-disk coverage. 

In viewing the satellites of Jupiter, the requirements differ. Static 
objects are to be observed at as high a resolution as possible. Surface 
resolution better than 10 km is required for viewing the satellites and only 
a narrow field of view is needed. Thus the desired field of view of the 
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imaging experiments range from about 0.1 to 5 degrees. 


7 -2. 2. 2 Image Smear Constraint - When imaging from a spin-stabilized 

spacecraft, the linear image motion caused by the spin rate generally predomin- 
ates the other motions. The displacement of the image is linear as a function 
of time for the short exposure time required. For a three-axis stabilized 
system operating at longer exposures, random motion due to platform unsteadiness 
is generally the dominant angular motion. Linear motion due to the rapid rota- 
tional rate of Jupiter relative to the camera is also significant at lower 
altitudes. 


From earlier discussions, we recall that the transfer function for 
linear motion is given by 


tvS sin(iTA K) 
x (K) = m 

irA K 
m 


(7-1) 


where A^ is the magnitude of uncompensated image motion in the image plane, 
and K is the spatial frequency. This function was shown in Figure 3-1. 

The TRW report suggests 60% of a resolution element (pixel) as a 
smear criterion. This is equivalent to a transfer function having a value 
of 0.85. Other reports suggest a scene motion of one pixel, which corresponds ' 
to a transfer function value of 0.64. An attempt was made in Section 6 to 
select a smear criterion based on the optimum exposure time required for each 
sensor. On this basis, a response of 0.79 was obtained, corresponding to smear 
of about 74% of a pixel. 

In the worst-case parametric analysis, the degradation due to 
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3-mage motion is handled more meaningfully as a modulation transfer function. 

It is combined with other transfer functions to form the available aerial 
image modulation curve which establishes the system performance limits (see 
Section 3.4). 

7,2 ,2 * 3 Data Transmission Requirements - As stated, data rates for the 

mission will range from 2048 to 83,220 bits/sec, with 16,384 bits/sec used 
as the nominal rate for a framing camera at Jupiter. The telemetry rate impacts 
sensor design through the video bandwidth, B. This is given by 

b 

B = ~ 

2g 

where g is the digital encoding precision and b r is the bit rate (bits/sec). 

For a nominal 700-line picture with 6-bit encoding, about 3 x 10 6 
bits of information must be transmitted. At the 16,384 bit /sec rate about 
three minutes per picture are required for transmission to Earth. In order 
to read out this quantity in real time, slow-scan techniques must be employed. 

The resulting video bandwidth is about 1300 Hz, which will be used in the 
subsequent parametric analysis for slow-scan operation. 

For a selected digital encoding precision, it is desirable to 
maintain a signal-to-noise ratio which is efficient to encode and at the same 
time is not affected by the SNR of the encoder. In other words, if the SNR is 
lower than the number of gray levels, the result is a waste of encoding precision 
However, if the SNR is greater than the number of gray levels, the encoding 
steps cause discrete contrast levels to be seen in the picture, resulting in 
quantizing noise". Six-bit encoding has been used in this study as a compromise 
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between these two conflicting criteria. This is equivalent to a dynamic range 
of 64 gray levels. 

7.2.3 PRACTICAL SYSTEM PARAMETERS 

The practical limits for the optical system parameters are set by 
the total image system weight constraint of 18 kg (40 lb). Since the mass of 
the optical system varies roughly as the square of the aperture diameter, the 
weight becomes substantial for apertures of 150 mm (six inches) or larger, 
particularly as focal lengths increase. Estimated weights for typical 

( 2 ) 

catadioptric systems, based on the density of quartz, are given in Table 7-1. 

Although aperture diameters of up to 150 mm appear to be reasonable, 
a nominal diameter of 100 mm was selected for the worst-case parametric analysis. 
A focal length of 400 mm was selected, giving a nominal f-number of 4.0. Any 
aperture ratio between 2.0 and 8.0 could probably be used, depending on the 
spacecraft spin rate. 

TABLE 7-1 


WEIGHT 

OF CATADIOPTRIC 

SYSTEMS 

Focal Length 

Aperture Dia. 

f/# 

Weight 

400 mm 

100 mm 

4.0 

2.3 kg 


150 

2.6 

5.4 


200 

2.0 

9.5 

600 mm 

75 

8.0 

3.6 


100 

6.0 

4.1 


150 

4.0 

8.6 
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7.2.4 


OTHER REQUIREMENTS 


The selection criteria for the best imaging systems must be based 
on other requirements in addition to those discussed in this section. The 
relative reliability and radiation resistance of the sensors must be considered. 
The technological problem areas and possible additional equipment needs, such 
as cooling apparatus, data storage equipment, and image motion compensation 
devices, will also influence the selection process. 


7.3 WORST-CASE PARAMETRIC ANALYSIS 

Models of the various sensors will be parametrically studied in this 
section using worst-case conditions. Because of the large number of parameters 
involved, it has been necessary to select nominal values for several variables 
to keep the study within reasonable bounds. For example, only a lens system 
of 400-mm focal length with a 100-mm aperture diameter was studied, and 
exposure times were limited to several reasonable values. Specific camera para- 
meters such as the beam diameter and component MTFs were fixed. A beam 
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diameter of approximately 20 microns was selected for most devices to achieve 
performance results consistent with existing camera systems. The full visible 
spectrum was used, 0.3 m to 0.95 p. Electrostatic focusing was assumed wherever 
applicable. However, during the detailed analysis, electromagnetic focusing 
and additional camera variables will be considered. 

7.3.1 AERIAL IMAGE MODULATION CURVES 

The available aerial image modulation curves in Figure 7-1 show 
the effect of varying the spin rates at an exposure time of 0.0001 seconds 
for both high and worst-case contrast ratios (1.3:1). An optical system with 
a 400-mm focal length and an f/4 aperture ratio is used. The available aerial 
image response is plotted versus spatial frequency, as well as versus angular 
resolution. 

As indicated in Equation (3-42), the available aerial image modula- 
tion consists of the product of the modulation transfer functions of the lens 
system, the linear motion due to spacecraft spin, and the scene modulation 
(due to the contrast). These combine to establish the performance limit 
at which the camera system can operate. Note in Figure 7-1 that for a combination 
of a 5 rpm spin rate, a contrast ratio of 1.3:1 and a resolution of 20 cycles/ 
mm, a maximum modulation of 0.094 is available. At 10 rpm, this modulation is 
reduced to 0.025, representing a substantial reduction in potential performance. 

The zero-rpm curve represents the maximum available aerial image modulation 
that can be obtained at any spin rate if a perfect image motion compensation 
system is employed. 

Figure 7-2 shows a family of available aerial image modulation 
curves for 0.0005 sec exposure time. The effect of increasing the image 
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smear is apparent when the two graphs are compared. At 2 rpm, the response 
at 20 cycles/mm has already dropped to 0.025. Operation of the camera system 
at spin rates faster than 4 rpm without IMC would limit performance to 10 
cycles/mm at this exposure. 

Referring to the resolution relationships shown in Figure 3-5, 
we can determine the actual ground resolution from the spatial frequency. 

For example, at a spacecraft distance of 20 R , a spatial frequency of 
10 cycles/mm (using a 400-mm focal length system) can be translated into a 
ground resolution of 200 km/pixel. 

7.3.2 CANDIDATE SENSOR AIM CURVES 

Threshold modulation curves for the candidate sensors based on the 
signal-to-noise ratio at the data link are given in Figures 7-3, 7-4, and 
5 for different exposure times. Available aerial image modulation curves 
are superimposed. The bandwidth of 1300 Hz corresponds closely to the 
average data rate of 16,384 bits/sec Actually, the data rate will range 
from about 2,048 to 83,220 bps. In order to compare the candidate sensors 
at the same bandwidth, it is necessary to cool the sensors indicated on 
these figures by asterisks to temperatures ranging down to -60°C. This 
reduces the dark current of the targets sufficiently to operate these 
devices at slow-scan rates. All of the sensors analyzed in this section employ 
electrostatic focusing. 

AIM curves for an exposure time of 0.0001 second are plotted in 
Figure 7-3. At this low exposure level, sensors such as the silicon vidicon 
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(SILV) , slow-scan vidicon (SSV) , charge-coupled device (CCD) , and return beam 
vidicon (RBV) are inadequate. They lack prestorage target gain, and con- 
sequently the preamplifier noise, or beam shot noise in the case of the RBV, 
dominates. Longer exposure times must be used. The SEC vidicon (SECV) , 
electrostatic storage camera (ESC), silicon dioxide vidicon (SDV), SIT vidicon 
(SITV) and intensified charge-coupled device (ICCD), perform marginally at worst- 
case conditions for this exposure. An exposure time of 0.0001 sec is not 
adequate. 


An exposure time of 0.0005 sec results in shifting the ESC, ICCD, 
SDV, and SECV into the region where good performance can be obtained. This 
is illustrated in Figure 7-4. However, resolution will be limited to about 
10 cycles /mm at 4 rpra if image motion compensation is not used. At an 
exposure time of 0.0005 sec, image motion compensation will have to be used 
at the higher spin rates. With an ideal IMC system the region of possible 
performance will be extended to the intersection of the camera threshold 
modulation curves and M^K) for no spin. 

Figure 7—5 shows threshold modulation curves for an exposure time 
of 0.0025 second. This exposure time is impractical without a highly- 
effective IMC system. At a 2-rpm spin rate the limiting resolution is already 
degraded to about 4 cycles/mm because of excessive image smear. However, 
the graph shows that the CCD, RBV and SILV do become feasible with an ideal 
IMC system if sufficient exposure is provided. 

Corresponding threshold modulation curves based on the signal-to- 
noise ratio of the reconstructed image for 0.0005 second exposure time are 
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given in Figure 7-6. Comparing these curves to Figure 7-4, we see that after 
reconstruction the large-area signal-to-noise ratios have benefited from the 
integration over many pixels. This improvement can be explained by examining 
Equation (3-46) . While the signal in a given reconstructed image area increases 
by the ratio of areas A^/A^, the noise only increases by the square root of this 
ratio. This results in better signal-to-noise ratios when A^ is greater than A^ 

7.3.3 SIGNAL-TO-NOISE RATIO VERSUS RESOLUTION 

Another meaningful method of stating performance of a camera system 
is on the basis of signal-to-noise ratio versus spatial frequency. These 
curves form a good basis for comparing the sensitivity and resolution of 
various systems. The parameters used here correspond to the worst-case 
viewing conditions at Jupiter. The signal-to-noise ratios at the data link 
versus spatial frequency for exposure times of 0.0001 sec and 0.0005 sec 
are shown in Figures 7—7 and 7-8 respectively. Only the fully image— motion- 
compensated case (equivalent to zero-rpm spin rate) is shown. 

At t g = 0.0001 sec (Figure 7-7), the maximum signal-to-noise ratio 

at the data link is about 6, at 10 cycles/mm for the ICCD. By increasing 

the exposure time to 0.0005 sec (Figure 7-8) the SNR data link increases to 

12 at the same frequency . If a higher signal-to-noise ratio is required 

for an increased digitized bit rate/element, then these curves are helpful, 

because they present the maximum SNR, ^ , , , available. - 

data-link 

The signal-to-noise ratio of the reconstructed image versus 
resolution for the candidate systems is given in Figure 7-9 for an exposure 
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time of 0.0005 second. A comparison of Figures 7-8 and 7-9 illustrates 

the difference between the end under identicel 

conditions. 

7.3.4 RESOLVING POWER VERSUS EXPOSURE 

In this section, resolving power characteristics of the candidate 

sensors are presented as a function of exposure. The exposure E is the 

x 

product of the input irradiance at the photosurface, F pc> and the exposure 
time t & . The resolving power (spatial frequency) is given in Figure 7-10 
as a function of exposure as well as exposure time. Worst-case conditions 
at Jupiter are used, assuming zero spin rate. The sensor curves represent 
a constant data-link signal-to-noise ratio of 3 at a 1.3:1 contrast 
ratio. Due to the 1300-Hz bandwidth, the usual sensors must be cooled for 
slow-scan operation. Exposure times from 0.1 to 10 msec are used. 

Since the basic SNR expressions necessary to obtain these curves 
transcendental equations, the method of preparing Figure 7—10 may be of 
interest. Threshold modulation system curves, typified by Figures 7-11 and 
7-12, were first established for different exposure times. The modulation 
of 0.13, corresponding to a 1.3:1 contrast ratio, was then identified. The 
spatial frequencies at the intersects of the threshold modulation curves and 
the 0.13 response line (points A, B, and C) were then used to construct 
Figure 7-10. 
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7.4 


SELECTION OF CAMERA SYSTEMS FOR DETAILED STUDY 


Based upon an overall assessment of the candidate camera systems, 
applying the worst-case conditions for performance evaluation, and consid- 
ering reliability, radiation, and other technological areas, several sensors 
have been selected for additional analysis. The initial list of candidates 
has been reduced to the SEC vidicon, the intensified charge-coupled device, 
and the electrostatic storage camera. 


Table 7-2 summarizes the selection factors used In determining the 
best camera systems. Characteristics Identified by a "Y tf rating represent 
desirable features, while a "N" rating indicates an undesirable feature. 
Camera systems with several negative characteristics were rejected. 
Characteristics that rate consideration for rejection are circled on the 
summary chart. 


Each of the Initial list of candidate sensors will now be examined 
and the reasons for acceptance or rejection will be clearly identified. 


7.4.1 SEC VIDICON 

The SEC vidicon has been selected for detailed study for the 
following reasons: 


m The SEC vidicon has a long-term integration capability 
and can store an image for many hours. It is capable 
of s low-scan operation at the slowest mission data rate. 

As a consequence, the data-handling and communications 
system can unload the data to Earth without an ancil- 
lary storage system such as a tape recorder. The re- 
sultant simplification of equipment will have a great 
impact on reliability, weight, and payload considerations. 
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TABLE 7-2 


SUMMARY SENSOR SELECTION MATRIX 


CHARACTERISTIC 


SENSOR 

SLOW- SCAN CAPABILITY 
(W/O COOLING) 

LONG TERM STORAGE (W/O COOLING)| 

PRE-STORAGE TARGET GAIN 

HIGH SENSITIVITY 

■ HIGH TARGET CAPACITANCE 

DEVF.LOPED & SPACE QUALIFIED 

ADEQUATE WORST CASE 
PERFORMANCE 

GOOD RADIATION RESISTANCE 

SELECTION 

SEC VIDICON 

H 

B 

B 

B 

N ' 
L 

B 

B 

B 

Yes 

ESC 

Y 

Y 

Y 

B 

B 

N 

Y 

B 

Yes 

ICCD 

M 

N 

B 

B 

N • 

N 



Yes 

CCD 

© 

N 

N 

N 

N 

N 

0 

B 

No 

SIT VIDICON 

M 

N 

Y 

B 

Y 

Y 

i 

B 

B 

No 

SILICON VIDICON 

m 

N 

N 

0 

Y 


m 

B 

No 

RBV 

© 

N 

N 

m 

B 

B 

(D 

B 

No 

Si0 2 VIDICON 

Y 

B 


B 

B 

® 

Y 


No 

SSV-SELENIUM 

B 


N 

M 

N 

B 

© 

■ 

No 

SSV-ASOS 

© 

N 

N 

© 

B 

Ll 

0 


No 


CODE: Y YES 

N NO 

- INSUFFICIENT DATA 
(3 CONSIDERATION FOR REJECTION 
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m The SEC vidicon target gain is sufficient to make the 
preamplifier noise negligible at the expected exposure 
levels* Figure 7-4 illustrates the importance of target 
gain on worst-case performance for a 0.5 -msec exposure 
time. Devices such as the SSV and SILV lack prestorage 
gain : consequently ,they cannot achieve low modulation 
levels, such as in a quan turn -noise -limited signal, due 
to preamplifier noise. All of the devices with pre- 
storage target gain are capable of operating very close 
to the quantum noise limit. For this reason, the ISEC 
offers no advantage, since the intensifier cannot further 
improve the performance of a quantum-noise- limited system. 

• The resolution capability of the SEC vidicon is accept- 
able. A standard Westinghouse WL-30893 has an aperture 
response of 20% at 16.4 lp/mm. The performance curves of 
Section 7.3.2 show the worst-case resolution that can be 
expected and relate it to the ground resolution for a 
Jupiter mission. 

• The target capacitance is low. It is only sufficient to 
allow collection of several thousand photoelectrons per 
picture element before a "full target" is obtained (about 
4 x 10 9 electrons per cm 2 for a standard target) . Because 
of the low capacitance, the SECV cannot be utilized for 
large exposures and has limited low-contrast capability. 

However, for the mission being studied at a modulation of 
0.13 (equivalent to a 1.3:1 contrast ratio), a signal-to-noise 
ratio of the reconstructed image of over 20 will be feasible at 
10 lp/mm. This is illustrated in Figure 7-9. 

• The SEC target does not require cooling, as the dark current 
is negligible. 

« The SEC is fully developed and space qualified. It has 
been flown on many missions. A variety of configurations 
is available. For instance, performance of the electro- 
statically-focused version can be improved either by sub- 
stituting electromagnetic focusing, by eliminating the collector 
mesh or by other changes. However, each increase in perform- 
ance would result in some other tradeoff. 


Electronic image motion compensation is possible because 
the device contains an image section. Photoelectrons can 
be deflected in the imaging region before they land on the 
target to correct for linear motion during exposure. 
Electronic zooming and shuttering are also feasible when 
using other SEC vidicon configurations. 
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7.4.2 ELECTROSTATIC STORAGE CAMERA 

The electrostatic storage camera (ESC) has been selected for 
further study. Although the ESC is presently being developed and is not yet 
ready for space missions, its future potential for planetary exploration is 
excellent because of its unique storage properties. The reasons for selecting 
the ESC are given below: 


e The ESC has a storage medium with a long integration 
capability that can be scanned at the slowest mission 
data transmission rate. The storage target does not 
require cooling because of its negligible dark current. 
Images can be stored for weeks if required before be- 
ing transmitted to Earth. 

• The electrostatic storage camera can provide its own 
bulk storage in the form of a multifaceted storage drum. 
A number of pictures (typically two to thirty frames, 
16mm on a side) can be exposed, stored, and transmitted 
at arbitrary times and data rates. This unique feature 
allows multiple pictures to be taken of Jupiter satel- 
lites during a single flyby, thereby providing extensive 
photographic coverage. The ESC would transmit the 
information at a convenient time after the sequence of 
exposures were taken. Other framing cameras would 

have to dump the data into a tape recorder or transmit 
it to Earth before the next frame could be exposed. 

• The high prestorage gain associated with the target 
(adjustable from about 20 to 200) is sufficient to 
override the readout noise at the low exposure 
levels of interest. This results in quant um-no i se - 
limited camera operation over a wide dynamic range. 

• The ESC has a high target capacitance that can be 
adjusted during design to satisfy a particular ap- 
plication. For target thicknesses of 2000 to 5000 A 
the capacitance ranges from 1.5 x 10 - ® to 5.4 x 

10“9 F/cm^. Even at the lower capacitance value about 
7 x 10 9 electrons per cm^ can be stored at a 5 -volt 
target potential, allowing operation over a wide dynamic 
range. In addition, an adequate target potential can 
be achieved at lower exposures than with sensors having 
lower target capacitance. 
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The readout process is non-destructive* Repetitive 
scans are possible because the ESC uses a high-velocity 
read beam* The ESC essentially has a built-in data 
compression capability in that a cursory examination 
of pictures can be made at low resolution to identify 
areas of interest. These portions can be re-scanned 
at high resolution. 


• The electrostatic storage camera is capable of high 
electro-optical resolution over a large format. The 
resolution can be improved by employing electromagnetic 
focusing, a thin storage target, and a smaller spot 
diameter. Although high performance is not required 
for the Jupiter orbiter, these improvements enhance 
the suitability of the ESC for other outer planet 
missions , 

o The electrostatic storage camera system design is 

extremely flexible. The size of the image and storage 
sections can be adjusted to accommodate varying format 
requirements. Electromagnetic focusing can be provided 
for improved resolution. Electronic shuttering is 
possible, as well as electronic image motion compensation. 


7.4.3 CHARGE-COUPLED IMAGERS, 


Charge coupling is a significant new concept in imaging. Although 
experimental devices are now quite crude and limited in format size, the 
potential attributes of excellent performance at low power, low weight, and 
good reliability are very appealing. Two devices in the sensor family 
based on the charge-coupled principle have been examined. The basic charge- 
coupled device is first considered as a frame imager, then the characteristics 
of an intensified charge-coupled device are summarized. 


Charge-Couple d Device. - The charge-coupled device (CCD) 
possesses many attractive characteristics. Despite the fact that 

employs a new concept, it is based on well-developed semiconductor 
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technology. It has the attributes of silicon fabrication simplicity, high 
reliability, low power, and intrinsic low-noise analog signal processing. 

The extremely low-noise properties of the basic CCD impose demanding 
requirements for on-chip amplifiers in order to realize the full benefits 
of the technology. Using the best conventional preamplifiers, the thermal 
noise generated is excessive. By integrating the amplifier, the shunt capaci- 
tance can be reduced to approximately 0.2 pf. Novel amplification schemes 
should be possible which would take advantage of the low output capacitance 
and reduce the amplifier noise. 

The high quantum efficiency of the CCD coupled with the low-noise 
properties of an on-chip amplifier provide excellent imaging results at 
high video bandwidths. However, for s low-scan operation, clock- related 
noise is excessive. Due to the presence of interface states within the 
target, the minority carriers in each potential well are subject to random 
capture and emission. This adds noise to the signal both during the 
integration time and during the readout periods. When the signal bandwidth 
and the clocking frequency are low, the readout interface 

noise becomes dominant. The interstate noise decreases with increasing clock 
frequency and with decreasing integration time. 

(30 

Interface state trapping limits the performance of the basic CCD 
at moderate and low frequencies* The amount of signal degradation can be 
influenced by the device parameters, dimensions, and clocking waveforms. 
Incomplete charge transfer due to interface state trapping can be reduced 
by increasing clock voltages, increasing the signal charge, or using special 


123 



"push" clocks to move the charge. Other CCD system approaches that utilize 
single-line storage can be used to overcome the interface state trapping 
limitation. For example, the CCD can be operated a line at a time by 
transferring the first line into an auxiliary storage unit at a high clocking 
frequency. The line in the auxiliary store can then be transmitted to Earth at 
the desired low frequency before the second line is transferred. The process is 
repeated until the entire frame is transmitted. This type of system will not be 
analyzed in this study because of the relative superiority of the intensified 
charge-coupled device. 

There are several dark current sources associated with the CCDs: 
the depletion region, neutral bulk silicon, and the oxide-silicon Interface. 

The dark current is typically several nanoamperes per square centimeter at 
room temperature. This limits the integration period to less than a second. 

If s low-scan operation is desired, cooling to about -60°C is essential. 

Because of the newness of the CCD technology, only a few devices 
of limited size have been built, A useful device would consist of at least 

500 x 500 elements , but a more suitable device might consist of 1000 x 1000 
elements. This goal appears reasonable since 500-element buried channel 
linear imaging devices have been constructed. 

Figure 7-4 shows the threshold modulation curve for the CCD for 0.5- 
milli s econd exposure time. The readout interstate noise is responsible for 
the moderate performance displayed. The basic CCD device has not been 
selected for further study. In addition to its poor low-frequency performance, 
the CCD lacks an image section. Consequently, mechanical IMG must be employed 
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and some form of mechanical shuttering must be devised. An intensified 
charge- coup led device overcomes these limitations. 

7 , 4 . 3.2 Intensified Charge-Coupled Device - The intensified charge- 

coupled device (ICCD) consists of a charge-coupled device preceded by a 
photocathode and an electrostatically-focused image section. The high 
prestorage target gain (2000) provides a quantum-noise-limited signal- 
to-noise ratio at very low exposures. At an exposure time of 0.1 millisecond 
(see Figure 7-?), the ICCD provides the best performance among all of the 
imagers. This is due to the low-noise properties of the integrated amplifier. 
The interstate noise is not a problem because of the high prestorage target 
gain. 

Unlike the CCD, image motion compensation can be applied 
electronically. Electronic gating is also feasible. The ICCD requires 
less mechanical equipment ’if the IMC and shuttering functions are performed 
electronically. It operates well at low exposure levels. However, it will 
be bulkier and heavier than the CCD. The ICCD has been selected for further 
study. 

7.4.4 SIT VIDICON 

The SIT vidicon has not been selected for further study. The 
primary reason for rejection is the need for cooling to achieve 
slow— scan operation. The SIT vidicon would be an excellent choice for 
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many alternative planetary missions, particularly where ancillary storage 
equipment can be added because of reduced payload restrictions. Some of 
the SIT vidicon characteristics are listed below: 


• Based on sensitivity alone ^he SIT vidicon is 
superior to most camera systems. Its silicon 
target has a prestorage gain of 2000 .which is 
considerably higher than other target types. 

The significance of the high target gain is 
that the preamplifier noise becomes negligible. 
Consequently, a quantum-noise-limited signal-to- 
noise ratio is achieved at lower exposure levels. 
Figure 7— 10, which shows resolving 
power versus exposure, illustrates the superior 
performance of the SIT vidicon at low exposures. 

At longer exposures , the high gain of the SIT 
vidicon does not offer as much of an advantage. 

This is because the maximum signal-to-noise ratio 
is determined by charge-storage considerations. If a 
target can store a maximum of b electronic charges 
per picture element because of its capacitance, 
the maximum number of photoelectrons that can be 
stored per picture element is b/G^, where G is the 
target gain. Thus the signal-to-noise ratio set 
by charge storage considerations is: 

SNR (charge storage) = 

At the higher exposure levels .SNR (charge storage) 

imposes a limitation since it is 

independent of exposure for a given target gain. 

SIT vidicons have 20 to 25 times the gain of an SEC 
tube, and their charge storage capacity is about 10 
to 20 times greater. As a result, the maximum signal- 
to-noise ratio set by charge storage considerations 
is about the same for both tubes. The performance 
of both tubes is quite similar at an exposure time of 
0.0005 second, as shown in Figure 7-4. 
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• The resolution capability of the SIT vidicon is 
acceptable for this class of mission. Conven- 
tional silicon targets have a diode center— to— 
center spacing density of 72 per millimeter with 
a response of 20% at 25.5 lp/mm when used in a 
16mm tube. Special silicon targets have been used 
in experimental tubes with spacing densities of 

up to 130 diodes per millimeter. The results of 
the parametric worst— case analysis (Figures 7-3 
7—4) demonstrate adequate resolution. 

• The slow— scan capability of the SIT tube is limited 
by the dark current of the silicon diodes. At 
room temperature the integration period must be 
limited to less than a second. Consequently, 

target cooling is required to read out directly 
at the expected data rates. For scan periods on 
the order of a few seconds, the target temperature 
must be held at approximately -20°C. Integration 
times of several hours may be obtained by cooling 
to -60°C. Implementing thermal control, however, 
can involve practical difficulties and the use of 
considerable power. The tradeoffs involved in using 
onboard storage at higher video bandwidths versus 
slow-scan operation requiring cooling equipment would 
have to be considered if an SIT vidicon were used. 

It is of interest to calculate the limitation 
imposed by the dark current in a cooled silicon 
target. Consider a target at -40 C, where the dark 
current is 10”12 amperes per square millimeter. At 
a resolution of 20 cycles /mm, the number of dark- 
current electrons per picture element per second is 
approximately 3900. 
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The charge required for full target capacity for a 
practical target swing of 5 volts and a target capa- 
citance of 40 x 10"12 F/mm is 


40 x 10 ^ x (-i. mm) x 5 V 

mm 40 

q =2 *“19 

1 1,6 x 10 coulomb/electron 


(7-3) 


= 7,8 x 10 photoelectrons per picture element* 


The time required to fill the target is: 


time - 


7*8 x 10 5 photoelectrons 
3.9 x 10^ photoelectrons /sec 


= 200 seconds 


-12 

So the dark current of 10 amperes per square centi- 
meter at -40°C completely fills the target in 200 
seconds. At the nominal data rate of 16,384 bits/sec, 
about 184 seconds will be required to transmit the data 
on a 700 “X- 70 0-element target. It is obvious that 
either onboard storage or cooling to about -60°C is 
essential, since rates as low as 2048 bits/sec may be 
used. 

• The SIT vidicon is a relatively new device. So far a 

variety of tubes have been developed and space-qualified 
versions are available* High resolution, large image format, 
and slow-scan configurations of the SIT vidicon must still 
be developed. 


7*4.5 SILICON VIDICON 


The silicon vidicon tube will not be considered. It has little 
to offer on a mission of this type that could hot be handled better by the 
SIT vidicon. It should be recalled that the SIT vidicon is actually a 
s ^ii con vidicon with an intensifier front end added. However, the silicon 
vidicon does have better red response that the SIT vidicon. 
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The silicon vidicon has limited sensitivity because it lacks 
prestorage target gain. Thus, the preamplifier noise remains the dominant 
noise term at the exposure levels encountered at Jupiter. Another dis- 
advantage is the requirement to cool the silicon vidicon to -60 C for 
slow- scan operation, or, in lieu of cooling, the need for auxiliary storage 
equipment. Finally >shielding would probably be required to prevent losses 
in quantum efficiency and increased dark current due to the radiation 
environment. 

The performance levels that can be expected are best illustrated 
in Figures 7-4 and 7-5. At a half-millisecond exposure, the SILV is not 
sensitive enough. However, when the exposure is increased to 2.5 milliseconds 
the SILV performs nicely, providing that image motion compensation limits the 
smear. Its poor relative sensitivity is illustrated in Figure 7-10. 

7.4.6 SLOW-SCAN VIDICON 

The slow— scan vidicon has been rejected because of its low sen- 
sitivity. Since there is no target gain mechanism in this tube, the ampli- 
fier noise prevents its use at the expected exposure levels. The vidicon 
generally requires longer exposure times which cannot be used in this appli- 
cation due to the associated image smear. 
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A s low-scan vidicon utilizing an ASOS photo conductor with a 
peak quantum efficiency of 47% illustrates the lack of sensitivity* 

Figure 7-5 shows the threshold modulation curve at 2.5 milliseconds exposure 
time. Low-contrast images would have an SNR of less than three at the data 
link. The ASOS photoconductor also has the disadvantage of requiring 
cooling to limit the dark current and allow slow-scan operation. 

The selenium vidicon, used in the Mariner series of space probes, 
offers good resolution and excellent slow-scan characteristics without 
cooling. The dark current is negligible. Unfortunately the sensitivity 
is also low, although high quantum efficiencies can be obtained, 

7.4.7 SILICON DIOXIDE VIDICON 

The silicon dioxide vidicon (SDV) has not been selected. Although 
the predicted performance of the SDV is excellent, the device must still be 
developed. Other candidates requiring development effort such as the 
electrostatic storage camera and intensified charge-coupled device offer 
greater advantages and have therefore been selected instead of the SDV. 

The ESC offers multiple-frame storage instead of a single picture, whereas 
the ICCD is smaller, weighs less, and consumes less power than the SDV* 

The silicon dioxide vidicon has a storage medium with a long inte- 
gration capability that can be scanned at the slowest mission data rates. 

The storage target does not require cooling as the dark current is negligible. 
In addition, the SDV has a high- capacitance target. 
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The SDV has the same configuration as the SEC vidicon, with the 
exception of the target. The high prestorage gain associated with the 
target is sufficient to override the preamplifier noise and results in a 
quantum -noise-limited SNR over a wide dynamic range. Figures 7-3 , 7-4, 
and 7-10 demonstrate the predicted performance levels and resolution. 


7.4.8 RETURN BEAM VIDICON 

The return beam vidicon (RBV) has not been selected. It lacks 
sufficient sensitivity and requires cooling to achieve slow-scan operation 
at the specified rates. The factors supporting this decision are summarized 

below. 

• The return beam vidicon has only moderate sensitivity. 

The absence of prestorage gain in the target makes it 
impossible to achieve a quantum-noise-limited signal 
due to the beam shot noise associated with the return 
beam. The performance of the RBV at low contrast is 
inadequate at 0.5-millisecond exposure time, however, 
at 2.5 milliseconds the signal-to-noise ratio im- 
proves substantially. See Figure 7-4 and 7-5 for 
performance comparisons. 

• The dark current of the photoconductor used in the 
RBV requires cooling to about — 40°C to be compatible 
with the required slow— scan operation. Thermal 
control would be essential. The alternative use of 
short integration times with an auxiliary storage 
unit is undesirable from weight and reliability 
considerations . 
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• Because of the lack of an image section, electronic 
image motion compensation cannot be applied. Mechanical 
IMC must be used in addition to a mechanical shutter. 

• The primary advantage of the return beam vidicon is its 
high resolution. It has an aperture response of 20% 

at 59 lp/mm. The RBV is a fully developed tube available 
in sizes up to 4-1/2 inches in diameter. It is space 
qualified and has flown on space missions. 


7.5 CONCLUSION 

The basic objective of this task was to select the most promising 
frame image systems based on a worst case parametric analysis. The SEC 
vidicon, the electrostatic storage camera, and the intensified charge-coupled 
device were found to be the best systems for the class of mission being 
studied. These three systems will now be analyzed for the specified 
Jupiter orb iter. 
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SECTION VIII 


ANALYSIS FOR SPECIFIED JUPITER ORBITER MISSION 
USING SELECTED CAMERA SYSTEMS 


8.1 INTRODUCTION 

The objective of this section is to determine the performance of 
the selected sensors for a specific Jupiter orbiter mission. 

Performance curves are presented for the SEC vidicon, the electro- 
static storage camera, and the intensified charge-coupled device for the 
specified Jupiter orbit including satellite encounters. Both electrostatically- 
focused and high performance, electromagnetically-focused configurations are 
analyzed. 

The suitability of the selected sensors for other outer planet 
missions is discussed. Performance curves are given at Saturn and Uranus. 
Conclusions are then presented indicating the best systems for outer planet 
missions. 

8.2 DISCUSSION 

8.2.1 SPECIFIED JUPITER ORBITER MISSION 

The mission selected by NASA for study by the contractor consists of 
a Jupiter orbiter which repeatedly encounters three satellites . The 
selected 1976 orbit is equatorial with a 2.29 R T periapsis, a 45.13 R T apoapsis 

J J 

and a period of 14.22 days. From an interaction region orbit (2.29 x 100 R ) , 

J 
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the spacecraft is deboosted into the 2.29 X 45.13 Rj orbit, where close 
encounters with the satellites occur for about three to five orbits. 

Figure 8-1 shows the three-satellite encounter geometry of the 
Jupiter orbit. Three of the four Galilian satellites, Io, Europa, and 
Ganymede, are nearly commensurate (i.e.» their orbital periods are near- 
multiples of each other). Syzygy occurs about every 7 days; however, the 
alignment drifts about 5.2° in a retrograde direction between one alignment 
and the next. The planned orbit therefore results in several encounters 
with the three satellites. 

The characteristics of the encounter with Jupiter and the satellites 
are shown in Figure 8-2, where the distance from the centner of Jupiter is plotted 
versus the phase angle. These characteristics will be used in determining the 
performance of the selected camera systems. 

The following frame imagers will be examined for the specified 
Jupiter orbiter mission: 

SEC Vidicon 

Intensified Charge-Coupled Imager 

Electrostatic Storage Camera 

Performance curves will be given for both electrostatically- and 
electromagnetically— focused configurations for all three devices. 
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8.3 PERFORMANCE ANALYSIS 

The analytical SNR models for the selected sensors have been used 
to prepare the performance curves for the Jupiter orbiter mission. As in the 
previous worst- case parametric analysis, it has been necessary to limit the 
number of variables and parameters involved to keep the analysis within 
reasonable bounds. In particular, specific camera parameters were fixed to 
reasonable values. Nominal values were selected for other system parameters. 

For example, a video bandwidth of 1300 Hz (corresponding to a 16, 384-BPS data 
rate) was selected. Performance curves are based on a constant signal-to-noise 
ratio of 10 for the reconstructed image. In cases where image motion compensation 
(IMC) is used, a 90%-ef fective system is assumed. Spectral filtering is not 
included in the analysis. 

8.3.1 EFFECT OF IMC ON PERFORMANCE 

The effect of image motion compensation on performance is illustrated 
for the SEC vidicon in Figure 8-3. Modulation curves are given showing the 
contrast ratio versus resolution as a function of spin rate for cases both 
without and with 90%-effective IMC. Note that all of the modulation curves 
in this section are plotted using the scene modulation (and contrast ratio) as 
the ordinate as described in Paragraph 3.4.1. 
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The need for image motion compensation has been established in 
Section 6. Consequently, all subsequent performance curves will be based 
on a 90%-effective IMC system. That is, only 10% of the image displacement 
relative to the sensor's faceplate that would result without IMC remains after 
IMC is applied. As an example, with 90%-effective IMC the performance at 10 rpm 
is identical to that at 1 rpm for the uncompensated case. 

8.3.2 EFFECT OF VARYING PHASE ANGLE 

The effect of varying phase angle on performance is shown for the 
SEC vidicon in Figure 8-4. Modulation curves giving the response (contrast 
ratio) as a function of angular resolution are shown at various phase angles 
and spin rates. For a constant angular resolution, we can see how the ability 
of the system to perform drops off at low contrast. 

Angular resolution can be expressed as ground resolution by applying 
the 1976 encounter characteristics for Jupiter (Figure 8-2). This figure shows 
the distance from the center of the planet in units of Jupiter radii as a 
function of solar phase angle. The ground resolution for several spacecraft 
locations characterized by this orbit are tabulated in Figure 8-4 for an 
angular resolution of 125 y radian /pixel. 
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8.3.3 EFFECT OF VARYING OPTICAL PARAMETERS 

In the preceding analyses a nominal optical aperture of 100-mm 
diameter was assumed. Because of weight considerations, an aperture diameter 
of 150 mm was selected for the upper limit. In Figure 8-5, the performance 
the SEC vidicon is shown as a function of optical aperture diameter covering 
the range of interest. As expected, the performance improves with larger 
aperture size because the light-gathering ability of the optical system increases 
by the square of the diameter (assuming a fixed focal length). 

The effect of varying focal length is illustrated for the SEC vidicon 

in Figure 8-6, where the modulation (or contrast ratio) is given as a 

function of angular resolution. In the preceding analyses a nominal focal 

length of 400 mm was assumed. In this figure, the performance is given for 

focal lengths ranging from 200 mm to 1000 mm. The improvement in angular 

resolution at longer focal lengths is primarily due to the improved MTF of 

the image sensor at lower spatial frequencies. Figure 8-7 illustrates the 

field of view obtained versus focal length for several photocathode format 

sizes. A camera system with a 400-mm focal length has a field of view of 

approximately 28 milliradians for an 11.3 x 11.3 mm format. The dxstance 

required for a full-disc view of Jupiter and its satellites has been plotted 

as a function of focal length. Full-disc coverage of Jupiter occurs at about 

70 R with a 400 mm focal length optical system, 
j 
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8.3.4 PERFORMANCE AT JUPITER AND ITS SATELLITES 

Pcrforniaiicfi cuivgs sire presented in this section for the selsctcd 
camera systems at Jupiter and the Galilian satellites. The analysis is 
later extended to Saturn and Uranus to show the applicability of the systems 
to other outer planet missions. 

Modulation curves for two versions of the SEC vidicon are shown in 
Figure 8—8. Performance curves are presented for the standard SEC vidicon 
with electrostatic focusing and also for a high-performance SEC vidicon with 
electromagnetic focusing and without a suppressor mesh. The suppressor mesh 
is a necessary component to prevent destruction of the SEC target when operating 
in a continuous mode. However, by operating the tube sequentially and keeping 
the scanning beam off when the photocathode is being exposed, the suppressor 
mesh can be eliminated. In Figure 8-8, the contrast ratio (and relative 
response) is plotted as a function of angular resolution for the various 
celestial bodies. Curves are plotted for a nominal spin rate of 5 rpm assuming 
a zero— degree phase angle, 90%— effective IMC, an exposure time of 0.0005 sec., 
an f/4 lens with a 400-mm focal length, a bandwidth of 1300 Hz and a constant 
SNR of 10 based on the reconstructed image. For a contrast ratio of 1.3:1 

the electrostatically focused version of the SEC vidicon is shown to resolve 

\ 

about 68 y radian/pixel at Jupiter. The electromagnetically -focused SEC vidicon 
configuration without suppressor mesh will resolve about 50 y radian/ pixel 
under identical conditions. 
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Figure 8-8 





Note that the performance curves in Figure 8-8 can be modified 
for other values of constant SNR if desired. For example, if threshold 
modulation curves are desired for a SNR of 3, simply multiply the relative 
response curve by the ratio of the two SNRs (0.3). 

Similar modulation curves for the electrostatic storage camera 
are shown in Figure 8-9. Both an electrostatically-focused configuration and 
a high-performance electromagnetically-f ocused version with a 10 p diameter 
read beam are analyzed. For a contrast ratio of 1.3:1 the resolution at 
Jupiter is 54 yradian/pixel and 41 y radian/pixel for the electrostatically- 
and electromagnetically-focused versions respectively. 

Figure 8-10 shows modulation curves under identical conditions 
for the intensified charge-coupled device with both types of focusing. A 
resolution of 62 y radian is obtained at Jupiter for a contrast ratio of 1.3:1 
using electrostatic focusing. Electromagnetic focusing improves the performance 
and results in a resolution of 45 yradian/pixel. 

It is interesting to note that, in these applications, performance is 
generally limited by system parameters external to the sensor, and therefore 
operation is limited to a narrow performance range. Factors such as the 
uncompensated image smear, the short exposure time, and the image contrast 
limit the performance of the sensors. A comparison of Figures 8-8 through 
8-10 shows that the performance of the ICCD and ESC are quite similar. The 
SEC vidicon does not perform as well as the other two, although its 
performance is adequate for the mission being considered. 
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8. 3.4.1 


Satellite Encounters - Encounters with Jupiter's major 
satellites - Io, Ganymede, and Europa - have been considered, and camera performance 
at Callisto was also analyzed. Performance curves for the selected sensors 
at these satellites are shown in Figures 8-8 through 8-10. As we would 
expect, the performance at the satellites is quite similar to that at Jupiter. 
Differences are mainly the result of the different satellite albedos. 

An important consideration in photographing the satellites of Jupiter 
is the amount of time available to take pictures due to the encounter 
trajectories involved. Let us look, for example, at the encounter with the 
satellite Io during the spacecraft's second orbit of Jupiter (after the 
phasing orbits). The spacecraft would be within 1.8 R of Io, the closest 
distance at which full-disk pictures .can be obtained, for about 4 hours. 

Conditions satisfactory for photography (when the phase angle is less than 
60 ) would last for about 2 hours. During this period, all three of the 
selected camera systems are capable of satisfactorily photographing the 
satellites and producing a number of pictures. Approximately 30 to 40 
photographs could be taken, assuming a 700 line x 700 pixel format and a 
16,384-bit/sec telemetry rate. 

When multi spectral photographs of the satellite surface are to be 
taken, the ESC offers an advantage. Because of its unique bulk storage 
capability, it can expose a sequence of pictures in rapid succession, each 
at a different spectral band, and transmit them back to Earth afterwards. 

Contiguous ground coverage over several spectral bands can be achieved in 
this manner over a wide resolution range from close-up shots to full-disc 
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photographs. The ICCD and SEC vidicon, which must transmit each picture 
before another can be taken, would require a tape recorder to obtain similar 
coverage over several different spectral bands. 

8.3.5 RESOLVING POWER VERSUS EXPOSURE 

Performance curves are presented in Figure 8-11 showing resolution 

as a function of exposure time at Jupiter. Curves for the three selected 

camera systems are given for comparison. Electromagnetically— focused cameras 

are included. Currently— available IMC subsystems which provide compensation 

for ninety percent of the motion due to the spacecraft spin are used in Figure 

8-Ha. We see that as the exposure time is increased, each sensor reaches a 

point of maximum performance. The resolution then begins to drop off as the 

smear due to image motion becomes excessive. Both the ICCD and ESC perform 

better than the SEC vidicon. IMC systems can probably be developed for this 

(28) 

mission which would compensate for up to 99/o of the relative motion « For 
comparative purposes , Figure 8— 11b shows the ideal, 100^-ef fective IMC case. 

8.3.6 CAMERA PERFORMANCE VERSUS ORBITAL TIME BEFORE PERIAPSIS 

Figure 8-12 shows the performance which may be achieved using 
systems designed around the selected sensors. Resolution is given in terms of 
the maximum ground resolution, assuming a contrast ratio of 1.3:1 at an SNR 
of ten. The resolution is shown as a function of approach time and phase 
angle, with the optical axis pointed toward the planet's center. 
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8.4 


OTHER OUTER PLANET MISSIONS 


8.4.1 SATURN AND URANUS 

Although the scope of this analysis addresses a specific Jupiter 
orbiter mission, the suitability of the selected sensors for other outer planet 
missions is also an important consideration. Performance curves presented in 
Figures 8-8 through 8-10 include the planets Saturn and Uranus to illustrate 
the feasibility of using the selected sensors without changing the basic design. 
The analysis is applicable to both flyby and orbiter missions. 

The planet Saturn is 9.54 AU from the sun and has an albedo of 
about 0.61. Compared to Jupiter, Saturn reflects approximately a third as much 
light. Even under these reduced lighting conditions, the performance of all 
the cameras is still adequate. Using the SEC vidicon with electrostatic 
focusing as a example (see Figure 8-8) , a resolution of 90 y radian/pixel 
is obtainable at a 1.3:1 contrast ratio. The other sensor configurations 
have better performance. 

Uranus is twice as far from the sun as Saturn at a mean distance 
of 19.2 AU. Therefore, since its albedo is 0.42, or approximately the same as 
Jupiter, the planet reflects only about 7% as much light. Referring to the 
SEC vidicon with electrostatic focusing operating under the conditions of 
Figure 8-8, the low-contrast performance drops off rapidly. A scene contrast 
ratio of 4:1 (as compared to 1.3:1 at Saturn) is required to resolve 
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90 u radian/pixel at an SNR of 10. Performance can be Improved by increasing 
the exposure time to 1 millisecond, however, performance then decreases 
sharply because of image smear. The largest diameter optics that are 
practical within the mission weight constraints are prefered at Uranus to 
maximize the illumination at the image plane of the camera. 

It is doubtful that pictures will be transmitted from Uranus using 
the same telemetry support equipment as the Jupiter mission. Even at X-band 
frequencies, with the inherent increase in communication- link gain, slower 
data-transmission rates will probably be required, depending on the trans- 
mitter power. However, the performance curves for Uranus are calculated using 
a video bandwidth of 1300 Hz to allow comparison with the performance at other 

planets. 


8.4.2 BEYOND URANUS 

Neptune and Pluto orbit beyond Uranus at mean distances of 30.1 
and 39.4 AU respectively. The light reflected from Neptune is only 2.5% of 
that reflected from Jupiter, while that from Pluto is only about 0.005% as 
much. Communication distances are approximately 5.8 and 7.6 times longer 
than for Jupiter. It is apparent that missions to these planets will impose 
much more stringent demands on the camera and communications system than the 
Jupiter orbiter. 
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For these planets, camera systems with high quantum efficiency 
and high inherent target gain must be used to compensate for the limited 
illumination. This is essential because the maximum exposure time is 
limited by the image motion. By modifying camera parameters, both the 
electrostatic storage camera and the ICCD can probably produce modest results 
at Neptune. Obtaining good pictures of Pluto from a spinning spacecraft 
will be difficult, as much longer exposure times will be required. 

Because of the vast distances and long data transmission time 
involved, the need for auxiliary storage increases as missions extend to the 
outermost planets. Camera systems with tape recorders, or imagers such as the 
ESC with integral bulk storage, become essential if a significant number of 
pictures are to be obtained. 

8.4.3 FLYBY MISSIONS 

Many other outer planet missions will be of the "flyby" type 
rather than planetary orbiters. These missions take advantage of favorable 
planetary alignments by using the gravity-assist flyby technique to explore 
two or more planets. For example, the Mariner Jupiter/Satum Mission 
scheduled for 1977 uses this technique. The Pioneer type spin-stabilized 
spacecraft will also eventually be used for flyby missions to several 
planets. Undoubtedly, the same limited data transmission and storage 
capabilities of the Pioneer spacecraft that apply for the Jupiter orbiter 
will also impose limitations on the two— planet flybys. As communications 
distances lengthen and the available illumination at the distant planets 
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decreases* data storage and transmission limitations become more important. 

An auxiliary storage system becomes a necessity in order to insure 
sufficient data return. 

Of all of the camera systems studied, only the electrostatic camera 
system contains a built-in storage capability to store more than one picture. 

It is capable of taking at least 30 pictures during a planetary flyby and then trans- 
mitting the sequence of pictures to Earth after the encounter. At the 
outer planets, other camera systems such as the SEC vidicon and ICCD would 
require an auxiliary storage system to achieve the same picture-gathering 
capability. 

8.5 CONCLUSIONS 

The three selected camera systems all perform satisfactorily when 
applied to the 2.29 x 45.1 Rj Jupiter orbiter mission. Ground resolution 
of less than 10 km can be achieved at Jupiter near periapsis for the conditions 
selected. 


When photographing the satellites of Jupiter, the three selected 
camera systems all perform satisfactorily. If multispectral pictures are to 
be taken with filters over several color bands, the ESC offers an advantage 
because of its multiframe storage capability. 
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The selected cameras appear suitable for missions to Saturn and 
Uranus without any major design changes. The low-contrast capability of the 
sensors begins to deteriorate when missions to Uranus are considered, more 
so with the SEC vidicon than the others . 

Performance appears to be limited more by other system parameters 
than the sensors, particularly for the high-performance electromagnetic 
configurations. If the camera parameters were not dominated by factors such 
as image smear, even higher-performance versions could be constructed. However, 
the need for such systems is not required for the Jupiter orbiter mission. 
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SECTION IX 


DESIGN STUDY AND TECHNOLOGICAL ASSESSMENT 


9.1 SUMMARY 

This task presents the preliminary design configurations for each 
of the three imaging systems chosen in Section 7. These systems are the SEC 
Vidicon Camera, the Electrostatic Storage Camera, and the Intensified Charge- 
Coupled Device. Sketches of each system are given with estimated dimensions. 
A functional block diagram of each system has also been prepared showing the 
interrelationship between the various parts. The weight and power require- 
ments of each system are then presented as a function of the different per- 
formance options available for each system. 

Specific equipment such as lenses, mechanical image motion compen- 
sation, heating and cooling equipment, and data storage equipment will not be 
specified due to the large number of choices available and the resulting 
changes in weight and power requirements. However, representative nominal 
weights and power consumption will be used to illustrate trade-off options 
and to calculate the total weight and power consumption of the camera system. 
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9.2 


PERIPHERAL EQUIPMENT 


This section will investigate the necessary equipment other than 
the imaging sensor and electronics. This includes optics, shutter, filter 
wheel, image motion compensation, thermal control, and data storage. Each of 
these items will be investigated to determine possible options and nominal 
weight, power and volume requirements. 

9.2.1 OPTICS 

The aperture diameter and focal length of the lens system are con- 
strained by the field of view, the resolution desired, and the weight limitation. 
For the sensors and orbits being considered in the study, maximum and minimum 
sizes of the optics are given below: 

Aperture Diameter Focal Length 
Maximum: 150 mm 600 mm 

Minimum: 100 mm 200 mm 

These systems are both capable of giving diffraction-limited 
resolution over the proper field of view. 

Weights and volumes for the optics can be found from studies done by 
(29) (32) 

Slater and Johnson v 'and Bashe and Kennedy ' 1 . Slater and Johnson studied the 
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weights of a variety of space optical systems as a function of the col- 
lecting aperture diameter. With 21 datum points, the dependence was 
approximated by 

M = 168 D 2 ( 9_1 ) 

c c 

where M is the mass of the optical system in kilograms, and D is the 
c c 

diameter of the collecting optics in meters. 

This data can be verified by comparing it to that obtained by 
Bashe and Kennedy. Since this latter study is not confined to space-qualified 
optical systems, the weights are slightly higher than those found in the 
former study. The weights as a function of aperture size are given below. 


150 mm aperture 
100 mm aperture 

Other date for optical system weights based on unknown sources 
have been used in reference 2* A portion of that table has been reproduced 
below for systems with 0.61-m (24-inch) focal lengths. (See Table 7-1 also) 

150-mm aperture (catadioptric): 8.6 kg 
100-mm aperture (catadioptric): 4.1 kg 

These seem somewhat high compared to the system values found 
in Slater and Johnson. In the following analysis, the data of Slater and Johnson 

will be used. 
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The volume of the optics can be approximated by a right circular 
cylinder of diameter 1.1 D g and length 1.1 F, where D g is the collecting lens 
diameter, and F is the focal length. The equation for the volume of the cy- 
linder is then 

2 

Volume ■ 1.05 D g F (9-2' 

which yields the following volumes : 


Aperture 

Focal 

Length 

Volume 

150 mm 

600 

mm 

0.014 m 3 

100 mm 

200 

ram 

0.002 m 3 

SHUTTER AND FILTER WHEEL 





Two types of shuttering will be investigated here. The first is 
conventional mechanical shuttering and the second is electronic shuttering 
within the sensor itself. 

There are two basic types of mechanical shutters: leaf and focal 

plane. Both have been used in space missions, the main difference being 
that the focal plane shutter can achieve shorter exposure times, with a 
minimum of about one millisecond. A shutter of this type was used on the 
Mariner 6 and 7 narrow-angle TV camera. It weighed 140 grams, was 89 mm in 
diameter and 28 mm thick. ^ 33 ^ 
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The main disadvantage of mechanical shuttering is that, due to 
the rotational speed of the spacecraft, very short exposure times are 
needed to avoid halation and smear. Minimum exposure times of 0.1 millisecond 
are needed for fast rotation speeds if the pictures are to be smear-free, 
because even the image motion compensation systems are only 90% to 
95% effective. 

Electronic shuttering, or gating, has been demonstrated with 
electrostatic-focus SEC tubes. (34) A grid is installed ahead of the target in 
the image section of the tube. A small (15 - 20 volt) negative swing on 
this grid is sufficient to cut off the arriving photoelectrons from the 
photocathode. Gating speeds much faster than the one-millisecond limit 
for mechanical shutters can be attained using relatively simple circuitry. 

In addition, the gating mesh can be put into any sensor utilizing an intensi- 
fier, such as the ICCD or the ESC or the SEC vidicon,with very little loss of MTF 

Unfortunately, the electronic gating has two main disadvantages. 

First, it is impossible to stop all of the arriving photoelectrons, since 
the spaces in the gating mesh need to be big enough to cause very little 
transmission loss when the shutter is open. Consequently, the maximum 
attenuation possible with the electronic gating is on the order of 

(.35) ■phig could cause ghosting or smear with bright targets. The second 
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disadvantage is that the gating mesh has its own electric field when it is on, 
and hence could be a possible cause of distortion. At present, no SEC tubes 
with a gating electrode and magnetic lens have been made and tested, so 
further investigation is needed to realize the full value of electronic 
gating. 


In summary, electronic shuttering development should be accelerated 
if the short exposure time necessary for the Jupiter orbiter mission is to 
be achieved. The fastest mechanical shutters still provide about twice the 
desired exposure. Perhaps a hybrid scheme would eliminate most of the 
ghosting while still allowing fast exposure times. Another all-electronic 
method might involve reducing the intensifier voltage between exposures. 

A filter wheel is often included with a shutter for making color 
composites or multispectral pictures. It consists of a stepping motor and a 
wheel with several openings covered with glass color filters large enough to 
clear the light path from the lens to the sensor. The proper filter is 
stepped into position immediately before the exposure. The total weight of 
the filter wheel and stepping solenoid is about 100 grams. 

Electrical power requirements for small accessories such as the 
shutter and filter wheel are estimated to be 0.1 watt each. 
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9.2.3 IMAGE MOTION COMPENSATION 

Section 6 demonstrated that image motion compensation is necessary 
perpendicular to the spacecraft axis of rotation. The other components of 
image motion (e.g., due to the platform unsteadiness and the rotation of 
the planet) were shown to be negligible. 

There are two separate aspects of the IMC problem. First, a device 
is needed to sense the rotational speed of the spacecraft. Second, another 
device is needed to translate the data from the IMC sensor into the proper 
amount of compensation and to apply that compensation to the image tube. 

As mentioned in Section 6, the image motion sensor could be eliminated 
by preprogramming the correction into the image tube. For an orbiter close to 
the surface of the planet, where ground speed would also be a factor, a standard 
V/H sensor could be used. For the 2.29 * 45.13 Rj orbit, however, the image 
tube could also be used in a star-tracker mode to sense the rotation speed. 

The IMC could be applied to the image tube by means of a rotating 
or oscillating mirror, or in the case of a tube with an image intensifier 
section it could be applied electronically. Other methods involving rotating 
lenses and prisms may offer significant savings in weight, power, and 
volume, but are not yet part of the state of the art. Design formulas for 
oscillating scanning mirrors are given in references 25 and 28. Multifaceted 
mirrors are unnecessary due to the slow rotation speed and are much too heavy • 
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Representative values of the mass, power, and volume required for an 
oscillating mirror have been calculated from these formulas as a function 
of aperture diameter. 

Oscillating Mirror Only 
Mass Power Volume 


O 

O 

aperture 

.69 kg 

3.4 watts 

5.7 x 

10 4 
, -3 

3 

m 

3 

150 mm 

aperture 

2.3 kg 

25.9 watts 

1.9 x 

10 

m 


Klopp et al summarize weight and power data for several space-qualified 

IMC assemblies. They estimate that a complete single-direction mechanical IMC 

3 

system with nodding mirror and V/H sensor should weigh 6.8 kg, occupy 0.013 m , 
and consume 15 watts of power. 

Since all of the sensors under consideration have an image section, 
fully electronic IMC may represent a feasible alternative. In this method, 
an electromagnetic deflection yoke or electrostatic deflection plates are 
mounted on the image section of the tube and are used to deflect the image in 
the proper direction as the spacecraft rotates. This system would utilize 
an angular velocity sensor, suitable electronics, and, in the electrostatic 
case, a modified image section. 
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Advantages of this system include fewer mechanical parts, simplified 
camera construction and alignment, and a much wider range of scanning speeds. 
Weight and power requirements should be much less than for the mechanical IMC, 
especially for large-diameter collecting optics. 

The primary disadvantage of the electronic IMC is the lack of 

space-qualified systems, although similar systems have been used in 

aircraft camera systems. However, the electronic IMC has greater mechanical 

simplicity , along with savings in power, weight and volume over mechanical 

IMC. For this reason the electronic IMC is the best choice, in spite of 

the extra development needed. For this report, the weight, power and volume 

of an electronic IMC system in a star-tracker mode or using a V/H sensor are 

3 

estimated to be 2 kg, 6 watts, and 0.05 m • 

9. 2. A THERMAL CONTROL 

The ICCD camera has one significant drawback for the outer planet 
missions. Due to the slow data transmission rates and the relatively high 
dark current of the silicon, either the ICCD will have to be cooled to 

approximately -60°C,or else a tape recorder will have to be Included in 
the system. This section will examine the weight and power impact of the 

thermal control. 

Several different types of cooling apparatus are available, but few 
can be efficiently used to achieve such low temperatures. Thermoelectric 
cooling is feasible, but may require several stages. Other solutions utilize 
active fluid loops such as heat pipes or pumped, closed- loop systems. 
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A radiative cooler design proposed for Nimbus uses a radiative 
horn weighing one-half pound to dissipate 20 milliwatts. The horn size of 
6 inches on a side gives a radiator area of 5 square meters per watt to cool 
to 135°K. For a radiative cooler capable of dissipating 300 mW, the Nimbus figures 
can be scaled up to: 

Weight 3.4 kg 

q 

Volume 0.05 m 

However, due to the spinning spacecraft, cooling efficiencies may be further 
reduced, since the radiator will be exposed to the sun during part of each 
revolution. 

Reference 28 gives a table of IR Detector Cooling Scaling Coeffi- 
cients for pumped, closed— loop coolers. By increasing the detector 
temperature from 80°K to 160°K, the scaling coefficients for 300 mW of sensor 
power dissipation become: 

Electrical Power Consumption 10 watts 

Weight 0.7kg 

Volume 0.007 m 3 
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Klopp et al give an approximate sensor power dissipation of 500 A g milliwatts 

where A is the area of the sensor in m^. For a CCD one inch on a side, the 
s 

power is 323 mW, which agrees with the values for the above tables. The power 
consumption and weight given in the table will be used for the cooler 
parameters in the trade offs. 

The main problem with both the radiative horn and the closed-cycle 
systems is that they are still not part of the state of the art and need more 
development, although the radiative cooler seems to .have more potential for 
the Jupiter orbiter mission. Due to the long distance from the sun, any 
effects of spacecraft rotation on the radiator efficiency will be minimized. 
The closed-loop system would have a much lower reliability than the radiator 
due to the presence of moving parts alone. 

9.2.5 DATA STORAGE 

The alternative to using a cooler for the ICCD is an onboard data 
storage medium capable of holding at least one frame of information. Since 
the ICCD would have at least 500 resolution elements on a side, the data 
storage must be able to handle about 300,000 pixels x 6 bits/pixel, or about 
2 megabits of information per frame. This could be accomplished with a M0S 
read-write memory or a tape recorder. 
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The present state of the art in semiconductor memories corresponds 

(37) 

to 4096 bits per chip, with each chip requiring about 400 mW . To store one 
frame, however, 488 chips would be required, which would consume almost 200 watts 
of power — far too much. 

( 2 ) 

A study of tape recorders , however, shows that several flight- 

g 

qualified recorders are available with capacities as large as 10 bits. The 

-3 3 

weight of these recorders is about 4.5 kg, the volume is about 9.8 x 10 m , 
and the total power requirement is about 10 watts. This is certainly the 
better data storage option. 

9.3 BASIC SENSOR PARAMETERS 

9.3.1 ELECTROSTATIC CAMERA SYSTEM^ 38 - 1 

The basic camera tube for the Jupiter orbiter framing camera would 
utilize a multifaceted drum as the storage medium. Up to 30 frames 16 mm on a 
side could be stored at one time, and the time between exposures would be 
limited only be the stepping time of the target. A diagram of the ESC tube is 
shown in Figure 9-1, a possible camera packaging configuration is shown in 
Figure 9-2, and a block diagram of the system is shown in Figure 9-3. 

System performance can be changed by substituting an electromagnetic- 
focus image section for the electrostatic one shown in Figure 9-1. This 
results in a weight and power decrease, which is shown in Table 9-1 along with 
the decrease in MTF. Both the electromagnetic- and electrostatic-focusing 
configurations are currently available technologies. An alternative which 
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ELECTROSTATIC STORAGE CAMERA TUBE 
30 FRAME STORAGE 


Figure 9-1 
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ELECTROSTATIC STORAGE CAMERA 
PACKAGING CONFIGURATION 


Figure 9-2 
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TABLE 9-1 


30 -FRAME ELECTROSTATIC CAMERA PARAMETERS 



Electrostatic 

Electromagnetic Focus 

Parameter 

Focus 

Aluminum Coil 

Permanent Magnet 

Weight : 







Camera Head 

7.2 

kg 

8.4 

kg 

8.4 Kg 

Cables & Electronics 

3.0 

kg 

3.6 

kg 

3.0 

kg 


10.2 

kg 

12.0 

kg 

11.4 

kg 

Power: 







Average* 

18.6 

watts 

20.0 

watts 

18.5 

watts 

Peak 

22.8 

watts 

34.6 

watts 

21.8 

watts 

Advantages: 

Sensor tfTF 
20% at 

Sensor MTF 20% at 68 lp/mm 


30 lp/mm 






*10% duty cycle of the image section 
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would decrease the weight and the power consumption of the electromagnetically 
focused design but still retain the high MTF would be a permanent-magnet 
focusing section. 

(39; 

CBS Laboratories has constructed a permanent-magnet focusing module 
that provides the proper field, yet uses no power. The weight and volume are 
less than that of an aluminum-wire coil used for electromagnetic focusing. 

9.3.2 SEC VIDICON 

A space-qualified SEC vidicon camera has been described previously ^ 
and will form the basis of this study. In its original form, the camera 
utilized a one-inch-diagonal tube with an electrostatic image section. The 
basic system has been examined both with electrostatic - and electromagnetic- 
focus SEC tubes and with a permanent-magnet focus module. A picture of a 
typical SEC tube is shown in Figure 9-4, a proposed packaging configuration for 
the SEC vidicon camera is shown in Figure 9-5, and a simplified block diagram 
of the camera is shown in Figure 9-6. The various performance and weight 
trade-offs are shown in Table 9-2. 

This tube is capable of storing one frame of information in slow-scan 
operation unless a tape recorder or memory unit is used. For this analysis, 
one-frame storage is assumed to obtain the minimum weight and power and 
maximum reliability. 
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SEC VIDICON CAMERA TUBE 


Figure 9-4 
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SEC VI D ICON CAMERA 
PACKAGING CONFIGURATION 


Figure 9-5 
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TABLE 9-2 


SEC VIDICON CAMERA PARAMETERS 


Parameter 

Electrostatic 

Focus 

Electromag 
Aluminum Coil 

jnetic Focus 
Permanent Magnet 

Weight: 

6.8 kg 

8.6 kg 

8.0 kg 

Power : 




Average* 

10.0 watts 

11.2 watts 

9.5 watts 

Peak 

10.0 watts 

21.8 watts 

9.5 watts 

Advantages: 

Sensor MTF 
20% at 
17 lp/mm 

Sensor MTF 20% at 28 lp/mm 


* 10% duty cycle of the image section. 
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9.3.3 INTENSIFIED CHARGE-COUPLED DEVICE CAMERA 

The ICCD camera is significantly smaller and less complicated than 
either of the other two systems. Its main drawback is that it must be 
cooled for slow-scan operation or have a memory unit. Both the control 
electronics and the high voltage supplies are simpler than those for the 
other camera systems. No filament supply is needed, and high voltages are 
needed for the intensifier only. A schematic of the device is shown in 
Figure 9-7, a proposed packaging configuration in Figure 9-8, and a simplified 
block diagram in Figure 9- 9. 

As in the other cameras, the ICCD image section can be focused 
electrostatically, electromagnetically, or with a permanent magnet module. 

Table 9-3 shows the weight and performance tradeoffs anticipated using each of 
these options. These figures are probably more conservative and have a larger 
probability of error than those for the other two cameras. This is because 
the ICCD, even more than the CCD, is still in the laboratory experiment stage, 
and the circuitry is still being developed. The MTFs given in the table 
were obtained from the camera models and represent the resolution expected 
for an array with 20 ym element spacing. 
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IMC COPREC.TlOi-4 


INTENSIFIED CHARGE - COUPLED DEVICE 


Figure • 9-7 
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ELECTRONIC 

Circuits 


INTENSIFIED CHARGE - COUPLED CAMERA 
PACKAGING CONFIGURATION 


Figure 9-8 




INTENSIFIED CHARGE - COUPLED CAMERA 
SIMPLIFIED BLOCK DIAGRAM 


Figure 9-9 














TABLE 9-3 


ICCD CAMERA PARAMETERS 


Parameter 

Electrostatic 

Focus 

Electromag 
Aluminum Coil 

netic Focus 
Permanent Magnet 

Weight: 

2.7 kg 

3.9 kg 

3.2 kg 

Power: 




Average* 

5.0 watts 

6.4 watts 

5.0 watts 

Peak 

5.0 watts 

16.8 watts 

5.0 watts 

Advantages : 

Sensor MTF 
20% at 
24 lp/mm 

Sensor MTF 20% at 34 lp/mm 


*10% duty cycle of the image section. 
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9.4 


CAMERA SYSTEM TECHNOLOGICAL ASSESSMENT 


9.4.1 SENSOR DEVELOPMENT: STATE OF THE ART 

The three sensors chosen for the Jupiter orbiter mission are in 
various stages of development. Only the Westinghouse-manufactured SEC vidicon 
is currently a production item. Several models of these tubes are space 
qualified, and they have been flown on many missions. 

The electrostatic storage camera is still in the developmental 
stage. Over the past several years, CBS Laboratories has funded several in- 
house research and development programs to test the basic image sensing and 
storage concepts. As a result, all of the basic components have been success- 
fully built and debugged, and a complete camera tube is now being assembled to 
demonstrate system performance. 

Although the basic charge-coupled device is currently being sold in 
sample quantities, it is not yet in a form suitable for space qualification. 
Several companies, notably General Electric and Fairchild, are manufacturing 
row arrays and small area arrays. However, more development work is needed 
in several problem areas, namely increased array size, elimination of blemishes, 
uniformity of photoresponse, and increased transfer efficiency. Adequate 
sensitivity, once a problem, has been accomplished by placing a low-noise 
preamplifier directly on the sensor substrate. It appears to be only a matter 
of time before the rest of these problems are satisfactorily resolved. 
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9-4.2 MISSION PARAMETERS 

Each sensor can have many possible combinations of the peripheral 
equipment discussed in Section 9.2. However, it is important to carefully 
define the mission requirements so that the different systems can be compared. 
Whatever the mission, each camera needs a shutter, filter wheel, dif f raction- 
limited optics, and associated electronics. For the Jupiter orbiter mission, 
the need for IMC has been established. 


In Tables 9.4 through 9.6, each sensor is presented in several 
possible configurations, together with weight and power requirements. The 
items necessary for the Jupiter orbiter mission requirement listed above have 
been selected, and the total weight and power of that system has been calculated. 
A section describing each of the systems follows the tables. Tradeoff charts 
are then given for various entire systems. 


9. 4. 2.1 


Electrostatic 


system are shown in Table 9*4. The total estimated system weight Is 17.45 kg 
(38.44 lbs.). The average power usage is 24.8 watts. If it is necessary to 


further cut the weight, the 100-ram lens can be used, reducing the total weight 


to 15.35 kg (31.81 lbs.). Both lenses are diffraction-limited, but the larger 
lens would be best suited for high-resolution photographs in the low incident 


light. 


186 



TABLE 9-4 


ELECTROSTATIC STORAGE CAMERA SYSTEM CONFIGURATIONS 


OPTION LIST 

Alternative Configurations 

Approx. 

Weight 

Average 

Power 

Benefit 

© 

Basic 30 Frame ESC Tube 
and Electronics 
(Electrostatic Focus) 

10.2 Kg 

18.6 W 

Additional ground coverage at 
satellites and during flyby 
missions . 

a. 

Electromagnetic Focus 
with Focus Coil 

+1.8 Kg 

+1.4 W 

Higher resolution than with 
Electrostatic Focus. See 
Figure 8-9. 

© 

Electromagnetic Focus 
with Permanent Magnet 

+1.2 Kg 

“ 

High resolution with some 
additional weight and no power 
penalty. Needs development. 

2. 

100 mm Optics 

1.7 Kg 

- 


© 

150 mm Optics 

3.8 Kg 


Larger diameter optics have 
greater light gathering ability 
and improved SNR. Penalty of 
added weight and volume. 

4. 

Mechanical Shutter 

.14 Kg 

0.1 w 


© 

Electronic Shutter 

.15 Kg 

0.1 w 

Both shutters require development. 
Electronic shutter will be more 
reliable and will provide shorter 
exposures. 

6. 

Mechanical IMG 

6.8 Kg 

15 W 


© 

Electronic IMC 

2.0 Kg 

6.0 W 

Electronic IMC will be more 
. reliable and will weigh less. 
However, it must be developed. 

0 

Filter Wheel 

0.1 Kg 

0.1 W : 


SYSTEM TOTAL t 
(Circled Options) 

17.45 Kg 

24.8 W 
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Several parts of the ESC system in addition to the basic tube need 
some further development before they are flight-qualified. Most important 
is the electronic shutter for the electromagnetic image section. A mechanical 
shutter is just too slow to take non-smearing pictures from a spinning space- 
craft. In addition, an electronic shutter would probably have higher 
reliability. So far the electronic shutter has only been used on tubes with 
electrostatic image sections. 

The permanent-magnet image section is attractive because of its high 
reliability, low weight and zero power consumption. Although prototypes of 
this device have been made and tested, further development work is needed 
before a space-qualified version is ready. 

The most attractive feature of the ESC is its internal storage 
capability. Instead of utilizing a 4.5 kg, 10 watt tape recorder with its many 
moving parts and subsequently low reliability, the ESC employs an integral, 
silicon-dioxide coated drum rotated by a stepping motor. 


9. 4. 2. 2 SEC Camera System - The components picked for the SEC camera 

system are shown in Table 9.5. The total estimated system weight is 14.05 kg 
(30.95 lbs.). The average power usage is 16.2 watts. 

All the comments relating to the lens, shutter, and image section of 
the ESC system in Section 9.4.2 also apply here. The basic difference is that 
the SEC camera does not have a multiframe internal storage capability (a £ape 
recorder would be required to store more than one picture) . 
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TABLE 9-5 



SEC V I D I CON CAMERA SYSTEM CONFIGURATIONS 

OPTION LIST 


Alternative Configurations 

Approx. 

Weight 

Average 

Power 

Benefit 

Basic Tube and Electronics 
(Electrostatic Focus) 

6.8 Kg 

10 w 

Basic tube already developed 
and space qualified. 

Electromagnetic Focus with 
Focus Coil. 

+1.8 Kg 

+1.4 W 

Higher resolution than with 
Electrostatic Focus. See 
Figure 8-9 . 

Electromagnetic Focus with 
Permanent Magnet. 

+1.2 Kg 

“ . 

High resolution with some 
additional weight and no power 
penalty. Needs development. 

100 mm Optics 

1.7 Kg 

- 


150 mm Optics 

3.8 Kg 

- 

Larger diameter optics, greater 
light gathering ability and 


4. Mechanical Shutter 
0 Electronic Shutter 


.14 Kg 0.1 W 

.15 Kg 0.1 W 


6. Mechanical IMC 

6.8 Kg 

15 W 

0 Electronic IMC 

2.0 Kg 

6.0 W 

0 Filter Wheel 

0.1 Kg 

0.1 W 

9. Tape Recorder 

4.5 Kg 

10 w 

SYSTEM TOTAL: 

14.05 Kg 

16.2 W 


improved SNR. Penalty of 
added weight and volume. 


Both shutters require development 
Electronic shutter will be more 
reliable and will provide shorter 
exposures . , 


Electronic IMC will be more 
reliable and will weigh less. 
However, it must be developed. 


(Circled Options) 
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The advantage of the SEC is that it has been successfully used a 
number of times in flight hardware. Thus there would be less unknowns in 
this approach than in the other two. 


* 4 ' 2,3 ICCD Camera System - Due to the integrated-circuit- type sensor, 

the ICCD is the lowest-weight and lowest-power system of the group. The 
components of the system are shown in Table 9.6, and the weight and power are 
13*35 kg (29.41 lbs*) and 11.2 watts, respectively. 

All the comments in Section 9.4*2 concerning the development of the 
basic device, the electronic shutter, optics ,and image section apply here also. 
The main problem in using the ICCD is the method of data storage. Even for 
one-frame storage, either a radiative cooler or thermal control is needed. 

Thus, if multi-frame storage is anticipated, it is much more convenient to 
use a tape recorder and quickly read out the sensor after each exposure. 

The big advantage of the ICCD system Is its low complexity. Compared 
to either of the tube systems, it has fewer moving parts and less electronic 
equipment* Its main drawback is the short storage time of the silicon 
necessitating thermal control or a tape recorder. 
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TABLE 9-6 


ICCD CAMERA SYSTEM CONFIGURATIONS 


OPTION LIST 

• 

Alternative Configurations 

Approx. 

Weight 

Average 

Power 

Benefit 

© 

Basic ICCD with Electronics 
(Electostatic Focus) 

2.7 Kg 

5.0 W 

Light weight, low power system. 

a. 

Electromagnetic Focus with 
Focus Coil 

+1.8 Kg 

1.4 W 

Higher resolution than with 
Electrostatic Focus. See 
Figure 8-9. 

© 

Electromagnetic Focus with 
Permanent Magnet 

+1.2 Kg 

“ 

High resolution with some 
additional weight and no power 
penalty. Needs development. 

2. 

100 mm Optics 

1.7 Kg 

- 


3." 

150 mm Optics 

3.8 Kg 


Larger diameter optics have 
greater light gathering ability 
and improved SNR. Penalty of 
added weight and volume. 

4. 

Mechanical Shutter 

.14 Kg 

0.1 w 


5. 

Electronic Shutter 

. 15 Kg 

! 

0.1 w 

Both shutters require development, 
Electronic shutter will be more 
reliable and will provide shorter 
exposures. 

6. 

Mechanical IMC 

6.8 Kg 

15 W 


© 

Electronic IMC 

2.0 Kg 

6.0 W 

Electronic IMC will be more 
reliable and will weigh less. 
However, it must be developed. 

© 

Filter Wheel 

0.1 Kg 

0.1 W 


9. 

Tape Recorder 

4.5 Kg 

10 w 


@ 

Radiative Cooler 

3.4 Kg 

- 


11. 

Closed-cycle Cooler 

.7 Kg 

10 w 



SYSTEM TOTAL: 
(Circled Options) 

13-35 Kg 

11.2 W 
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9.5 


CAMERA SYSTEM TRADEOFFS 


In previous sections, different camera types were evaluated, along 
with necessary peripheral equipment for the mission under consideration. The 
only remaining task is to examine the three complete camera systems chosen and 
to choose the system that best fits the mission. In this case the systems 
picked out in Tables 9-4 to 9-6 will be rated, with a choice of either electro- 
static or electromagnetic focus. This is because the Jupiter orbiter mission 
does not require extremely high resolution, and therefore the lower-weight 
electrostatic system may be more appropriate. 

Table 9-7 shows the weight, power, and resolution of the three 
camera systems chosen for the Jupiter orbiter mission. With the exception of 
the ESC system, each camera must transmit the previous frame to Earth before 
the next picture is taken. There is very little difference in resolution 
between the three systems because they are all performance -limited by the 
spacecraft spin. 

It would be useful if the camera system used on the Jupiter orbiter 
mission could also be used for other similar missions. Such missions would 
include outer planet flybys and missions with satellite encounters where 
multispectral pictures are required. For these missions, it would be important 
to have some sort of onboard data storage to obtain the desired photographic 
coverage. 
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TABLE 9-7 


PERFORMANCE TRADEOFFS FOR SELECTED JUPITER ORBITER MISSION 


CAMERA 

FOCUS 

SYSTEM RESOLUTI OM* 
(nrad/pl>:el1_ 

WEIGHT 

Cfcfi} 

POWER 

W 


Electrostatic (ES) 

72 ' 

16.2 

24.8 

ESC 

Electromagnetic (EM) 

46 

18.0 

26*2 

(30 frames 
available) 

Permanent Magnet (PM 

46 

17-4 

24.8 


ES 

76 

12.8 

16.2 

SEC 

EM 

59 

14.6 

17.6 


PM 

59 

14.0 

16.2 


ES 

68 

12*1 

11.2 

ICCD 

EM 

50 

13*9 

12.4 


PM 

50 

13.3 

11*2 


TABLE 9-8 

PERFORMANCE TRADEOFFS FOR OTHER OUTER PLANET MISSIONS 
REQUIRING MULTI FRAME STORAGE 


CAMERA 

FOCUS 

SYSTEM RESOLUTION* 
(vrad/pixel) 

WEIGHT 

. IfesI 

POWER 

< W) 


Electrostatic (ES) 

72 

16*2 

24.8 

ESC 

Electromagnetic ( El 

) 46 

18*0 

26*2 

(30 Frames 
available) 

Permanent Magnet (P 

M) 46 

17.4 

24.8 


ES 

76 

17.3 

26.2 

SEC 

EM 

59 

19.1 

27.. 6 

(With 

Recorder) 

PM 

59 

18.5 

26,2 


ES 

68 

16*6 

21.2 

ICCD 

EM 

50 

18-4 

22.4 

(With 

Recorder) 

PM 

50 

— 

17.8 

21.2 


*For 150-inm ]ens diameter, AOO-mm focal length, 0. 2 5“tr..scc exposure, SNR = 10, 

60° phase angle, 1,3:1 contrast, 5-RFM spin rate with 90%-lMC, 1300-Kz bandwidth. 
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In Table 9-8, each of the Jupiter orbiter cameras is presented 
including a data storage capacity of at least 30 frames. For the SEC and 
ICCD cameras this is accomplished by adding a tape recorder, while the ESC 
utilizes its internal recording drum. The resolution of each system is again 
presented, along with the weight and power requirements, 

9.6 RECOMMENDED TECHNOLOGY IMPROVEMENTS 

Based on the results of this study, a number of suggestions are 
tendered for further work associated with the camera systems. 

• New camera concepts are now being actively 
investigated by industry. The electrostatic 
storage camera and charge— coupled imagers are 
two systems that should be adapted to future 
outer planet missions. NASA support in funding 
the development of the ESC and ICCD is clearly 
indicated by this study. Active support by NASA 
is recommended in order to speed up the avail- 
ability of these systems. 

• There is a need for additional radiation studies, 
especially involving low-energy protons, at ir- 
radiation levels approximating those expected at 
Jupiter. There is insufficient experimental 
evidence available on the susceptibility of the 
various camera systems to radiation damage. 
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Even existing camera systems may require 
additional developmental work to function 
adequately on a Jupiter orbiter mission. In 
particular, the development of new shutters 
may be required in order to achieve the short 
exposure times necessary to limit image smear. 

The need for shutter design improvement will 
depend on the type of shuttering used, the 
effectiveness of the IMC system, the type of 
sensor and other factors. Existing mechanical 
shutters do not operate well in the required 
range of 0.0005 to 0.002 seconds and will have to 
be improved if they are to be used. An electronic 
shutter incorporated into the image section of the 
sensor is recommended from a reliability view- 
point. While electronic shutters have been 
satisfactorily applied to electrostatically-focused 
sensors, additional work will be required to im- 
plement electronic shuttering in electromagnetic- 
image sections. 

An image motion compensation system is mandatory. 
Although mechanical image motion compensation 
systems and associated angular velocity sensors 
currently used are satisfactory, they are heavy. 



Alternative methods of IMC should be investigated, 
particularly electronic IMC where compensation takes 
place within the image section of the tube. Alter- 
native methods of sensing the amount of angular 
compensation required, including pre-programming 
for fixed amounts of correction, should be analyzed. 
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SECTION X 


COSTS AND DEVELOPMENT SCHEDULES 


10.1 INTRODUCTION 

This part of the study will investigate the costs and development 
times associated with the three types of sensors chosen in Section 7. Both 
an overall cost estimate and a relative cost comparison between the three 
systems will be supplied. Data on mission operations and data processing 
will not be included in the cost study. All cost figures should be taken 
as approximate. 

10.2 HISTORIC COST ESTIMATES 

Two cost models developed by Goddard Space Flight Center will be 
used to estimate the system costs. Neither one covers television imaging 
specifically, but both used together should give a good indication of the 
magnitude of costs that will be involved. The earliest study, made in 
1966, utilized a data base of 15 optical experiments which were flown on 
unmanned satellites. The experiments were not mentioned by name, but were 
defined as requiring "...significant optical elements..." 

The second study*- 41 ? completed in 1971, covers the costs of "optical, 
infrared, line scanning (Imaging) radiometer experiments for unmanned satellite 
missions* . «" A data base of 12 experiments was used, including the ERTS A and B 
multi-spectral scanners * 

Both studies, or cost estimating relationships (CERs) , as they 
are called, use versions of a multiple linear regression program developed 
by the Health Sciences Computing Facility at UCLA, 


197 



10.2.1 INPUTS 


The cost data in the models cover the design, development and 
fabrication of the complete experiment, one prototype and one flight model. 
The estimating relationships use combinations of parameters that are readily 
available, such as weight, power, volume, lens size, and data rate. The 
inputs for each of the systems used are given in Table 10-1 below. 


TABLE 10-1 

INPUTS USED IN COST ESTIMATING RELATIONSHIPS 


ITEM 

ESC 

SECV 

ICCD 

Field of view 

33,7 mrad 

33.7 mrad 

33.7 mrad 

Data Rate 
(6 bits/word, 
1 channel) 

16384 BPS 

16384 BPS 

16384 BPS 

Average Power 

33.3 watts 

24.2 watts 

30*2 watts 

Lens Diam. 

100 mm 

100 mm 

100 mm 

Focal Length 

400 mm 

400 mm 

400 mi 

Path Tolerance 

25 y 

25 y 

25 y 

Scan Mirror Area 

450 mm^ 

450 mm 3 

450 mm^ 

Weight 

17.8 kg 

15.9 kg 

16.3 kg 

Volume 

0.028 m 3 

0.026 m 3 

3* 

0.031 m 


includes tape recorder since the model does 
not specifically provide for cooling. 
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10.2.2 CER RESULTS 


The 1966 study produced much higher costs than the 1971 study, probably 
due to its emphasis on optical components. The only such components on the 
three imagers discussed here are the lens system and scan mirror. For these CERs, the 
mechanical IMC described in Section 9.2.3 is used since there is no provision 
for electronic IMC . The estimated costs for the three systems are given 
below: 

677. CONFIDENCE BAND 



AVERAGE COST 

HIGH 

LOW 

ESC 

$4. 6M 

$6.2M 

$3.4M 

SEC 

$4.3M 

$5.7M 

$3 . 2m 

ICCD 

$4.4M 

$6.0M 

$3.3M 


The 1971 study used a slightly different method of estimation and, 
as stated earlier, based the results on more analogous types of equipment. 
The average and high and low costs from this study were. 



AVERAGE COST 

HIGH 

LOW 

ESC 

$1.4M 

$2 . 7M 

$ . 7M 

SEC 

$1.3M 

$2 . 1M 

$.7M 

ICCD 

$1.4M 

$2 ,5M 

$.7M 

.3 MAXIMUM 

CER INPUTS 



To get an idea of what the maximum 

cost of a camera 

system might be. 

CERs were exercised again using the largest values of the parameters.. 

l though each 

of these systems would be 

far too heavy for 

the Jupiter 


orbiter mission. 
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TABLE 10-2: MAXIMUM INPUTS TO THE CERs 


ITEM 

ESC 

SEC 

ICCD 

Field of View 

50 mrad 

50 mrad 

50 mrad 

Data Rate 

16384 BPS 

16384 BPS 

16384 BPS 

** 

Average Power 

35.2 W. 

26.4 W. 

31.4 W. 

Lens Diam. 

150 mm 

150 mm 

150 mm 

Focal Length 

600 mm 

600 mm 

600 mm 

Path Tolerance 

25 n 

25 u 

25 y 

Scan Mirror Area 

1000 mm 2 

1000 mm 2 

1000 mm 2 

** 

Weight 

21.4 kg 

19.5 kg 

19.1 kg 

Volume 

0.039 m 3 

0.038 m 3 

0.043 m 3 


*inc ludes tape recorder for the ICCD since the model does not specifically 
provide for cooling. 

**electroraagnetic image section with focus coil. 

10.2.4 MAXIMUM CER RESULTS 

Again, the 1966 report gave much higher values than the 1971 report. 
The estimated costs were 


67% CONF. BAND 



AVG. COST 

HIGH 

LOW 

ESC 

$6.4M 

$10. 0M 

$4.7M 

SEC 

$6.3M 

$ 8.5M 

$4. 7M 

ICCD 

$6.2M 

$ 8.4m 

$4.6M 
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The 1971 study results were 



AVG. COST 

HIGH 

LOW 

ESC 

$ 1.62M 

$2.96M 

$ . 82m 

SEC 

$ 1. 55M 

$2.81M 

$ . 75M 

ICCD 

$1.56M 

$2 . 81M 

$ . 79M 


10.3 ENGINEERING COST ESTIMATES 

To amplify the results of Section 10.2, engineering estimates of 
the cost of each camera system have been made^ 2 } Included in the breakdown 
are costs of the design and breadboarding, engineering model, prototype model, 
bench test equipment , and one flight model. Mission operations and data processing 
are not included in the cost figures. Tables 10-3 to 10-5 show the expected 
costs for the ESC camera, SEC camera, and ICCD camera, respectively . 

It should be emphasized that these figures are merely engineering 
estimates. However, they agree in order of magnitude with cost figures given 
by people who have managed similar programs for various companies. They do seem 
more realistic than the results of the CERs. 

10.4 COST COMPARISONS 

As a quantitative check, the average costs obtained in Section 10.2 
from the CERs should be compared with the engineering estimates from 
Section 10.3. Table 10-6 below summarizes this comparison: 
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TABLE 10-3 


ESC CAMERA COSTS 



Engineering 

Model 

Prototype 

Model 

First 

Flight 

Model 

Sensor D&D 

$ 450 K 

$ 300 K 

_ 

Sensor Fabrication 

$ 350 K 

$ 200 K 

$ 200 K 

Sensor Evaluation 

$ 200 K 

$ 400 K 

$ 200 K 

Sensor Equipment 

$ 200 K 

$ 100 K 

- 

Sensor Mgt. & Q.C. 

$ 150 K 

$ 400 K 

$ 400 K 

Electronics D&D 

$ 150 K 

$ 50 K 

— 

Electronics Fabrication 

| $ 100 K 

$ 250 K 

$ 250 K 

Electronics Test & Q.C. 

$ 40 K 

| $ 100 K 

$ 150 K 

IMC & Elec. Shutter 

$ 300 K 

$ 150 K 

$ 50 K 

Optics Des. & Proc. 

$ 40 K 

$ 30 K 

$ 30 K 

Customer Interface 

$ 200 K 

$ 100 K 

$ 100 K 

Subtotals: 

$ 2.18 M 

$ 2.08 M 

$ 1.38 M 

TOTAL SYSTEM COST: 


$ 5.64 M 
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TABLE 10-4 


SEC CAMERA COSTS 



Engineering 

Model 

Prototype 

Model 

First 

Flight 

Model 

Sensor D&D 

- 


- 

Sensor Fabrication 

$ 200 K 

$ 100 K 

$ 50 K 

Sensor Evaluation 

$ 50 K 

$ 100 K 

$ 50 K 

Sensor Equipment 

$ 100 K 

$ 50 K 


Sensor Mgt. & Q.C. 

$ 100 K 

$ 200 K 

$ 200 K 

Electronics D&D 

$ 100 K 

$ 30 K 

- 

Electronics Fabrication 

$ 80 K 

$ 150 K 

$ 150 K 

Electronics Test & Q.C. 

$ 40 K 

$ 100 K 

$ 100 K 

IMC & Elec. Shutter 

$ 300 K 

$ 150 K 

$ 50 K 

Optics Des. & Proc. 

$ 40 K 

$ 30 K 

$ 30 K 

Customer Interface 

$ 200 K 

$ 100 K 

$ 100 K 

Subtotals: 

$ 1.21 M 

$ 1.01 M 

$ .73 M 





TOTAL SYSTEM COST 


$ 2.95 M 
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TABLE 10-5 


I CCD CAMERA COSTS 



Engineering 

Model 

Prototype 

Model 

First 

Flight 

Model 

Sensor D&D 

$ 

600 K 

$ 

400 K 

- 

Sensor Fabrication 

$ 

200 K 

$ 

100 K 

$ 50 K 

Sensor Evaluation 

$ 

200 K 

$ 

400 K 

- 

Sensor Equipment 

$ 

400 K 

$ 

100 K 

- 

Sensor Mgt. & Q.C. 

$ 

150 K 

$ 

200 K 

$ 200 K 

Electronics D&D 

$ 

100 K 

$ 

30 K 

- 

Electronics Fabrication 

$ 

80 K 

$ 

150 K 

$ 150 K 

Electronics Test & Q.C. 

$ 

40 K 

$ 

100 K 

$ 100 K 

IMC & Elec. Shutter 

$ 

300 K 

$ 

150 K 

$ 50 K 

Optics Des. & Proc. 

$ 

40 K 

$ 

30 K 

$ 30 K 

Customer Interface 

$ 

200 K 

$ 

100 K 

$ 100 K 

Subtotals: 

$ 2.31 M 

$ 

1.76 M 

$ .73 M 



_ 


TOTAL SYSTEM COST: 


$ 

4.8 M 
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TABLE 10-6 


MODEL COST COMPARISONS 



1966 Study 

Avg. Inputs Max. Inputs 

Engineering 

Estimates 

1971 Study 

Avg. Inputs Max. Inputs 

ESC 

$ 4.6 M 

$ 6.4 M 

$ 5.6 

M 

$ 1.4 M 

$ 1.6 M 

SEC 

$ 4.3 M 

$ 6.3 M 

$ 3.0 

M 

$ 1.3 M 

$ 1.6 M 

ICCD 

$ 4.4 M 

$ 6.2 M 

$ 4.8 

M 

$ 1.4 M 

$ 1.6 M 


The reasons for the large variations are, in part, due to the fact 
that the models only took into account the average costs of previous systems. 

Thus ,the small cost needed to further develop the SEC was not accurately 
differentiated from the large research and development costs needed for the 
ESC and ICCD cameras. The reason for the low results of the 1971 Study is 
not known. This examination of the cost data indicates that the engineering 
cost estimates should be more accurate than the CER results. 

10.5 DEVELOPMENT SCHEDULES 

Listed below are approximate development schedules for the three 
cameras. These cover the period from the initial contract date to the 
delivery of the flight model to the spacecraft contractor, and also allow 
for six months of customer interface after delivery. The ESC system schedule 
is shown in Table 10-7, the SEC vidicon in Table 10-8, and the ICCD in Table 10-9. 
The SEC camera would require approximately 20 months to deliver; the ESC and 
ICCD systems about 36 months. 
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TABLE 10-7 


ESC CAMERA DEVELOPMENT SCHEDULE 


I 

EVENTS 


6 1 

2 1 

MONT 

8 2 

MS 

4 3 

0 3 

6 4 

2 

CONTRACT AWARD [ 

] 








ENGINEERING MODEL: 









DESIGN & DEVELOPMENT 









FABRICATION 



■ 




• 


TESTING 


mm 

mm 






SYSTEM OPERATIONAL 



V 






PROTOTYPE MODEL: 









DESIGN & DEVELOPMENT 


m 

^mmmm 






FABRICATION 




F" 





TESTING 




rnmrnmm 

mt^mm 




DELIVERY 




V 





FLIGHT MODEL: 









FABRICATION 






1 



TESTING 









DELIVERY 






Hi 

l 


CUSTOMER INTERFACE 
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TABLE 10-8 


SEC VID1CON CAMERA DEVELOPMENT SCHEDULE 


EVENTS 

6 

i: 

l 

MONTI 
3 2 

IS 

4 3 

0 31 

3 4 


CONTRACT AWARD [ 

] 








ENGINEERING MODEL: 









DESIGN & DEVELOPMENT 









FABRICATION 


mmmm 







TESTING 



m 






SYSTEM OPERATIONAL 


V 







PROTOTYPE MODEL: ‘ 









DESIGN & DEVELOPMENT 


mam 







FABRICATION 









TESTING 


am 







DELIVERY 



V 


1 




FLIGHT MODEL: 









FABRICATION 



■■Hi 






TESTING 



Hi 

IH 





DELIVERY 




V 





CUSTOMER INTERFACE 





f" 
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TABLE 10-9 


I CCD CAMERA DEVELOPMENT SCHEDULE 


EVENTS 


i 

2 1 

MONT 

8 2 

HS 

4 3 

0 3 

6 4 

2 

CONTRACT AWARD [ 

] 








ENGINEERING MODEL: 









DESIGN & DEVELOPMENT 












FABRICATION 



mmm 






TESTING 





tm 




SYSTEM OPERATIONAL 





V 
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DESIGN & DEVELOPMENT 




,8WBIaa ” 





FABRICATION 









TESTING 









DELIVERY 






SHHjjjjH 



FLIGHT MODEL: 
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TESTING 
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DELIVERY 







nHHHfej 
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APPENDIX A 


CAMERA MODELING 


A. 1 INTRODUCTION 

Detailed analytical models for the candidate camera systems are 
developed in this appendix using the basic relationships established in 
Section 3. The analytical signal-to-noise-ratio models for all of the 
candidate camera systems are shown. 

A. 2 DEVELOPMENT OF ANALYTICAL PEAK-SIGNAL-TO-RMS-NOISE MODELS FOR 

SELECTED CANDIDATE SENSORS 

A. 2.1 ANALYTICAL PEAK-SIGNAL-TO-RMS-NOISE MODEL FOR SIT-SEC-Si0 2 VIDICONS 

These vidicons incorporate a photocathode and a target exhibiting 
a charge gain mechanism. Light imaged onto the photocathode generates 
electrons which in turn are accelerated toward the target. Upon striking 
the target, they initiate a gain mechanism which causes the primed surface 
of the target elements on the read beam side to discharge by an amount equal 
to the charge delivered to that target element times the gain of the target. 

During readout, the surface of the target facing the read electron 
gun is primed to the cathode potential of the gun. This repriming process 
generates a modulated current in the target (output) circuit which is pro- 
portional to the charge pattern established on the target. 
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A.2.1.1 


Output Signal Current - As discussed in Section 3. 2.1.1, 


Equation (3-5), the current density leaving the photocathode of the camera, 

can be determined from the integral of the product of the spectral response 

of the detector, the input flux at the image plane, and the spectral 

transmission of the detector optics. For a given exposure time, t , the 

e 

charge density, » delivered to the target from the photocathode is given 
by the expression 

t W S t cose ^ 

Q in * C 4 A 2 C “xVoxV* (4-1) 

The amount, Q^, by which a resolution element on the target is 
discharged is equal to 

Q d = G AQ ( couls /res. ele.) (A-2) 

or 

G At W S t cose 

Q d Pf? C "xVoxV* (4-3) 

where 

G = gain of the target 

A = area of a resolution element (meters ; 

For the case where the area of the read beam is equal to the area 
of a resolution element, a fraction, n^, of this charge is replaced during 
readout in a time, At, where At is approximately equal to ^ (B = video bandwidth). 
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The current, I , generated in the target circuit by this readout 

process is given by the expression 

Q , Bn G At W S t T Cos0 

T - -2 . c g E P-Ii / W.P, t , o, dX 

-F ^ n X A oX X 


2r z f‘ 


(A-4) 


The signal, S, corresponding to this output current (Equation 3-23) 


is then 


S(K) = 2M o T g (K)I. 


(A-5) 


or 


M x (K) Bn G At W S t_cos9 
S(K) - -S-S ° r l t / P - Ej! 


W,P,t ,a dX 
X X oX X 


(A-6) 


A> 2,1.2 Output Noise Current - The noise sources associated with these 

image tubes are 

« Quantum (image) noise 

• Noise associated with the gain mechanism of 
the target 

• Shot noise in the read beam 

• Shot noise in the target dark current 

• Thermal noise of the load impedance 

• Shot noise in channel current of the preamp 
field effect transistor (FET) 

Each source of noise will now be discussed in detail. 


NOTE: In discussing the development of the analytical models, the assumption 

has been made that the area of the read beam, Aj, , is equal to the area of the 
resolution element, A. When Ajj ^ A, A must be replaced by A^ in the analytical 
models . 


211 



A. 2. 1.2.1 


Quantum (Image) and Target Noise Terms - The charge density 


delivered to the target from the photocathode is given by equation (A-l) above. 
The number of electrons striking a resolution element is then 


AQ , At W S t Cos0 

e. P...eL 

e 4er 2 f 2 


W.P.t ,o,dX 
A A oA A 


(electrons/res. ele.) (A-7) 


where 


= electronic charge. 


Assuming Poisson statistics, the RMS fluctuations in this number of 
electrons is the noise, which is associated with the image. As in the case 
of the signal, these noise electrons are multiplied by the gain of the target. 


In addition, the target contributes its own noise. If the assumption 

is made that the randomness of the gain process can best be described in 

terms of a Poisson distribution, then this noise contribution can be taken into 

account by multiplying the image noise by the factor F where 

G 


F 


G 



(A-8) 


Thus, the number of noise electrons, N,, associated with the 

d 

discharging of a resolution element on the target is given by the expression 



At W S t cos0 
e P p L 


4er 2 f 2 


M iVoxV Xl ' 


- (noise electrons/res. ele.) 


(A-9) 
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or, expressed in terms of a noise charge, Q n( j> 


<nd 


e(G +1)G At W S t T Cos6 
= r £ t e p p L 

1 4r z f k 


W.P.t ,o, dA]' 
X X oX X 


(A-10) 


= (couls/r es. ele.) 

As with the signal, a fraction, n^, of this noise charge is replaced during 
readout in a time, At = 1/2B, assuming that the area of the read beam is equal 
to the area of a resolution element • 


Therefore, the noise current associated with the input signal is 




Af . = Bn [ 
At c 


(G +1)G eAt W S t T cos 0 
. c t e J> p. L 

r 2 f2 


W.P.t .o.dA]' 
A A oX X 


(amps) 


(A-ll) 


While the quantum noise is not reduced by the response of the entire 

imaging system, it is reduced by a correction ’factor, g, which is a measure 

(43) 

of the equivalent noise bandwidth . This bandwidth is determined by the 
modulation transfer function of certain system components. In the above 
analysis, the MTFs of the target and read beam will result in a smaller noise 
current being observed at the output. The corresponding correction factor, g, 
is given by the expression 

$= K O I t T (K)t R (K) I 2 dK (A- 12) 

where t^(K) and t r (K) are the responses of the target and readout section 
respectively and K is the spatial frequency at which the signal and noise is 
being observed. 
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signal is 


Therefore, the output noise current, i^, resulting from the input 

(G +1)G eAt W S t cosG 1 

i. = 8Bn c [ r 2f2 P - P W x P x t oA o x dA]^ (amps) (A-13) 

A. 2. 1.2. 2 Readout Beam Shot Noise - The current generated in the target 

(output) circuit by the read process is given by Equation (A-4) above. This 
current, originating from the read electron gun, has a shot noise component 
given by the expression 

i r = Uel^B)* 5 (A- 14) 

where i Is the shot noise current due to the read beam, 
r 

By combining equations (A-4) and (A-14) , the shot noise in the read 
beam can be expressed as 

eB 2 n G At W S t_cos0 , 

l r ' ' ° rM P C Wo* 0 *"** <a ” ps) <A - 15) 

A. 2. 1.2. 3 Target Dark Current Shot Noise — During the read process a 

second current, 1^, is observed in the output. This current is the result of 

the dark current in the target. While this current does not contribute to the 

output signal, it does contribute to the noise in the signal. Its noise current 

h 

i d is equal to (2eI^B) . 
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A. 2. 1. 2. 4 Thermal Noise of Load Impedance - The thermal noise current, i t » 

generated by the output load impedance of the device is given by the expression 


where 



(amps) 


k = Boltzmann’s constant 
T = absolute temperature 


(A-16) 


= load impedance 

A. 2* 1. 2. 5 Shot Noise in Channel Current of Preamp Fie ld Effect Transistor 

(PET) - The preamp chosen for this model utilizes a low noise junction field 
effect transistor. The shot noise current, i g> due to the channel current of 
the FET is given by the expression 


where 


i 

s 


8eI_B 3 C 2 \ 

-T 2 — j 

•> B m / 


(amps) 


I =• FET channel current 
F 

C = total shunt capcitance to ground 


g = FET transconductance 
m 


(A-17) 


A. 2. 2 ANALYTICAL PEAK-SIGNAL-TO-RMS-NOISE MODEL FOR THE SEC VIDICON 
WITH AN IMAGE INTENSIFIER 

When an image intensifier having an effective gain, Gj, (see Section 
A. 2. 10) is used on this image tube, the following modification must be made 
to the corresponding signal-to— noise model; 


I 
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• The output signal S is increased by the gain of the 
intensifier and decreased by the MTF, x (K) , of the 
intensifier. 


* S (K) = 


G t M t (K) Bn G At W S t T cos0 
Ios ct eppL 


^ o W X P A t oX a A dA (““P®) 18 ^ 


*NOTE ; x (K) now includes the MTF of the intensifier. 

S 


The output noise current, i-L, associated with the input 
signal (quantum noise) is modified as follows: 

In a manner similar to that discussed in Section A. 2. 1.2.1, 
the noise associated with the signal photoelectrons generated 
by the photo cathode of the image intensifier can be given by 
the expression 

C (A-19) 

in units of noise electrons /resolution element 

where t"^ = transmission of image intensifier (II) fiber 

optic faceplate, 

s p f =11 photocathode sensitivity (couls /joule) 

°A = the relative spectral II photocathode response 

Expressed in terms of noise charge, Q ,, the noise asso- 
ciated with this signal is nd 

'o’ Wo\°'\ dX]H (A-20) 

(couls/res. ele.) 


«„d- [■ 


eAt W S ’t T cos9 
e__P p L 


At W S 1 1_ cos0 
r e-op L 


4er z f t 
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This noise charge is amplified by the intensifier in the 
same manner as the signal. When it is accelerated across 
a potential difference of V a within the image section of 
the intensifier, it has an energy of Q n d( v a “ v d) joules 
at the phosphor surface, since Qnd^d joules of energy were 
lost in penetrating the conductive coating on the phosphor. 


The resulting energy (light) output of the phosphor then 
passes through the fiber optic endplate of the intensifier 
and the fiber optic faceplate of the vidicon, and reaches 
the photocathode. At the photocathode of the vidicon, this 
light energy, which is associated with the noise charge 
generated at the photocathode of the image intensifier , 
(quantum noise), is converted back into an electronic charge. 


This amplified noise charge is given by the expression: 


qn 

where 


Q J (V -VJL S / " o.<|> .t' t .dA 
nd a d p p o X X oa oA 


peak monochromatic output of the phosphor (joules/ 
joule/nm) 


(A-21) 


<f> = relative spectral output of the phosphor 

A 

t ' ^ = spectral transmission of the intensifier fiber 
optic faceplate 


t , = spectral transmission of the vidicon faceplate. 

oA 

Substituting expression (A-20) for Q n( j» this amplified 
quantum noise charge is equal to 


eAt W t S' cos 6 
e P Jk P 


^qn ^ 4r^f 




x (v -V,)L S f m a,d>,t\t ,dX couls/res. ele. (A-22) 

a d ppo XXoXoX 


This quantum noise charge can be traced through the camera 
in a manner identical to that described in Section A. 2. 1.2.1. 
The resulting output noise current, i^, associated with the 
input signal is given by the expression 
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l< 00 

i. = f32Bn [G (G +1)F(V -V,)L S / o,4>,t\t ,dX 

i c t t a d p p o XX oX oX 

eAt W t T S f cos0 , 

11 1 < A - 2 « 

Only in the case where Sp = Sp* , = o\ ' and 

t oX = ^■'oA = tH oX* ^ oes equation (A-23) reduce to 


, eAt W t S cos 6 
i ± = 62Bn c [(G t +l)(G t )] 2 G I [ 


W P t o dX] 

X X oX X J 


(A-24) 


where G^. = effective gain of the image intensifier. 


• The amount of read beam current required for readout is 
increased by the factor Gj. This increases the shot 
noise current i r in the read beam by a factor of (G^) . 


G T eB 2 n G At W S t T cos6 
\Jl c t e P p L 

r 2 f 2 


H X P X t 0X 0 J dA ]' 


(amps) 


(A-25) 


The remaining noise terms described in Section A. 2. 1.2 remain 
the same. 


The complete analytical peak-signal-to-RMS noise expression for 
the SIT— SEC— Si02 vidicons and the SEC vidicon with an image intensifier 
is presented in Section A. 2. 12. 

A. 2. 3 ANALYTICAL PEAK-SIGN AL-TO-RMS-NOISE MODEL FOR SILICON AND 
SLOW-SCAN VIDICONS 

The signal-to-noise model of the silicon vidicon and slow-scan 
vidicons are obtained in the same way as the SIT-SEC-Si0 2 vidicon model 
discussed above. However, since a photoconductor is used in these image 
tubes (replacing the photocathode and target) , the expressions for the 
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signal and the signal— related noise 


take a somewhat different form. 


For a given exposure time, the photoconductor is discharged by 


the amount, Q d> where 

et AW t cose 

0 = — g — E-ii- / AW p t ,rhdX (couls/res. ele.) 

^d 4hcr z f 2 o A A oA A 


(A- 26) 


Having converted the image into a charge pattern on the photo 
conductor, the expressions for the output signal and noise currents 
associated with these image tubes are developed in a manner identical to 
the development of the SIT-SEC-Si0 2 vidicon signal-to-noise model described 
in Section A. 2.1. 


The complete analytical peak-signal-to-RMS noise expression for 
the silicon and slow-scan vidicon is presented in Section A. 2. 12. 


ANALYTICAL PEAK-SIGN AL-TO-RMS-NOISE MODEL FOR SILICON AND SLOW- 
SCAN VIDICONS WITH IMAGE INTENSIFIERS 


When an image intensifier having an effective gain, Gj, is used 
on the silicon and slow-scan vidicons, modifications similar to those discussed 
in Section A. 2. 2 must be made to the corresponding signal-to-noise model: 


Using the definition of Gj presented in Section A. 2. 11, 
the output signal of the intensified vidicon is equal 
to the output signal of the unintensified vidicon multi- 
plied by Gj and the response of the intensifier: 


S(K) 


G T t M t (K)Bn eAW t T cos0 
I e o s v ' c P L 

__ hcr^f^ 


XM *Vox\ dx 


(A-27) 


where, 


t (K) , now includes the response of the intensifier. 


219 



• The output noise current, i i} associated with the input 

signal (quantum noise) is modified in a manner similar to 
that described in Section A. 2. 2. However, since both a 
photocathode and a photo conductor are being used, the 
expression for the output noise current takes the form 

, eL (V -V ) 

h ' ,2, "c lntI) -hr — C Vo'oxN" 

eAt W t.S 'cose . 

* ' — C v\ t oA d>, ' s ' A - 28 > 




The amount of read beam current required for readout is 
increased by the factor, Gj. This increases the shot, 
noise current, i r , in the read beam by a factor, (Gj)% 


i r - [ 


G T t B^n e 2 AW t T cos0 
1 e c p L 

h^Ff^ 


aw aVoav a i' 


(A-29) 


The remaining noise terms for the intensified silicon and 
slow-scan vidicons are the same as those presented in the 
signal-to-noise model for the unintensified silicon and 
slow-scan vidicons. 


A. 2. 5 ANALYTICAL PEAK-SIGN AL-TO-RMS-NOISE MODEL FOR RETURN BEAM VIDICON 

In a return beam vidicon, that portion of the read beam that does 
not go into charging the target elements follows a return path to the read gun 
where it is collected by an electron multiplier. This method of obtaining the 
video signal results in the following modifications to the signal-to-noise 
model presented for the silicon and slow-scan vidicons. 
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A. 2. 5.1 


Output Signal Current - A fraction of the signal from the 
target is lost due to the presence of a field mesh in the readout section of 
the tube. The remaining portion of the signal is multiplied by the gain, 
of the electron multiplier. The mathematical expression for the signal of 

the return beam vidicon is 

G t M t (K)t,.Bn eAW t.cosS 

s(W - he ' r 4 t r- — E ~ L ^VoxV 1 ( “" ps) (A ' 30) 


where t f is the transmission of the field mesh. 


A. 2. 5. 2 Output Noise Current 


A. 2. 5. 2.1 Quantum (Image) Noise - The field mesh and electron multiplier 

have the same effects on the quantum noise current as they do on the signal 
current. As with the signal, the expression for the quantum noise current of 
the silicon and slow-scan vidicons is multiplied by the transmission of the 
field mesh and the gain of the electron multiplier. The expression for the 
quantum noise current, i , thus becomes: 


i = [G 2fj2(n+l> 


qn 


M "f 


t B 2 n 2 e 2 AW t cos0 i 

8 _ ; o XM X P X t oX , 'x dX J ’ (a,nps) <A 


A. 2. 5. 2. 2 Read Beam Shot Noise - Due to the dark current in the photoconductor 

an H the reflection of a portion of the readout beam at the surface of the 
photoconductor, a current somewhat greater than the signal current must be used 
in a return beam vidicon. The required read beam current, (as measured at 
the plane of the photoconductor), must be larger, by a factor of 1/m, than the 


-31) 
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signal current, I g , being read out. The quantity, m^, is defined to be the 
"beam modulation factor". The corresponding noise current in this read beam 
is therefore equal to 


2el B , 

f— — P (amps) (A- 32) 

D 


1-m b 

Since the return beam current, [ ]l , passes through the field mesh of 

“b S 

the readout section, a partition noise term must also be added. The resulting 
expression for the noise current, i^, associated with the read beam thus becomes: 


i 2 = G 
r M 


2el B 1-m, 

+ 2et,(l-t,)0 ^ 


■b 


)I B] 
“b 8 


2et I B 

= V (1_m b‘ hn b t f ) (amps2) 


(A-33) 


or 


G 2 (1-M.+M. t )t-e 2 B 2 n t AW t T cos© 

1 2 = ^ p t. <“P s2 > W 


o X X o\ V 


I 

l-3A) 
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A. 2. 5. 2. 3 


Noise due to Electron Multiplier - The electron multiplier m 


the return be™ vidicon also contributes to the noise current. For a return beam 


current equal to 


t c ( 1-m) I 


m 


— , the noise current, i , associated with the 


electron multiplier is given by the expression 

V ' 1 m b C« m - 1) 


G 2 t 


M 

ra b (« m - ]L)hcrZf 


2 B 2 n t AW t T cos0 
c e p L 


— /. 


XW A P A t oX n x dX (amps 2 ) (A-35) 


where <5 = secondary emission yield of the first dynode of the electron 

m 

multiplier. 


The expression for the thermal noise of the load impedance and the 
shot noise in the channel current of the preamp FET are the same as in the 
analytical models already discussed. 

The complete analytical peak-signal-to-RMS-noise expression for the 
return beam vidicon is presented in Section A. 2. 12. 

A. 2. 6 ANALYTICAL PEAK-SIGNAL-TO-RMS-NOISE MODEL FOR THE IMAGE ORTHICON 


The image orthicon is similar in operation to the return beam vidicon. 

The significant difference is that instead of a photoconductor, the image 
orthicon has a photocathode, an image section with a collector mesh of transmission 
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coefficient, and a thin insulating target. Secondary emission at the 
target is the pre-readout gain mechanism employed in this type of tube. The 
complete analytical peak— signal-to— RMS— noise expression for the image 
orthicon is presented in Section A. 2.12. 


Most of the terms in the signal-to-noise model for the image orthicon 
(10) have been developed in detail in either Section A. 2.1 (SIT-SEC-Si0 2 Vidicon 
Model) or Section A. 2. 5 (Return Beam Vidicon Model) and consequently will not 
be repeated here. The secondary emission noise at the target, however, has 
not been previously discussed* 


Noise d ue to the Secondary Electron Emission of the Target - For 
a charge density, Q^, striking the target from the photocathode, an amount of 
charge, Q d \ is removed from each resolution element. This Q r is equal to 


or 


where 


- ^t^d ( cou ^ s / res * ele.) 


. . A6 t«d 


(electrons/res. ele.) 


> t = secondary emission ratio of the target. 


(A- 36) 


(A- 37) 


If Poisson statistics are assumed, the rms fluctuation in this 
eq 

h 


number of electrons, q , is equal to 

s 




(electrons/res. ele.) 


(A- 38) 
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However, for some materials, the fluctuation in the secondary 
electron emission cannot be described using Poisson statistics. A more 
general expression for the rms fluctuations in the secondary electrons 
emitted from the target is 


q 


s 


[<*-V 



k 

1 


(electrons/res. ele.) 


(A- 39) 


where, k, defined by Timm and Van der Ziel 


(44) 

» 


is a characteristic of the 


target. 


These noise electrons can be expressed in the form of an output 
noise current contribution in the same manner as the noise associated with 
the image (quantum noise) . 

A. 2. 7 ANALYTICAL PEAK-SIGNAL-TO-RMS-NOISE MODEL FOR THE IMAGE ISOCON 


Since the image isocon is very similar in operation to the image 
orthicon, its signal— to-noise model is also quite similar. However, the 
ability of the image isocon 's readout section to separate the scattered and 
reflected portions of the return beam requires the introduction of certain 
factors into the model. 


The factor, a s , is defined to be the "scatter gain" 
of the isocon readout. (45) The scatter gain is the 
ratio of that portion of the read beam current 
scattered during readout to that portion of the 
read beam current collected by charging the target. 
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• The factor, K s , is a signal reduction factor. 

This factor takes into account the effect of the 
field mesh in the readout section and the reduction 
in signal due to the incomplete separation of the 
scattered electrons from the reflected electrons. 

• The factor, Kq, takes into account the fact that a 
certain portion of the reflected beam is not separated 
out from the scattered beam(45). as a result, a "dark 
current" is observed at the output of the image 
isocon. The noise in this dark current contributes 

to the overall tube noise. Measurements have shown 
the dark current I D to be proportional to the signal 
on the target, i.e.. 


K_(6 -l)BAt tWS t_ cos 0 
r Dt emppL „ _ 

D 2r^f* / 0 W aVoxV X (anips) (A_40) 


Using these additional factors, the development of the analytical 
signal- to-noise model for the image isocon is similar to the development of 
the signal-to-noise model for the image orthicon. The complete model is 
presented in Section A. 2. 12. 


ANALYTICAL PEAK-SIGNAL-TO-RMS-NOISE MODEL FOR THE ELECTROSTATIC 
STORAGE CAMERA 


The electrostatic storage camera differs significantly from the 
other sensors being considered. From the standpoint of developing a 
signal-to-noise model, the principal difference is the method by which the 
output signal is obtained. While the other sensors use charge replacement 
or charge transfer to obtain an output signal, the output signal in the 
electrostatic camera is obtained by analyzing the energy of secondary 
electrons generated at the dielectric storage surface by a high-energy 
read beam. Since the energy of these secondaries is a function of the surface 
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potential of the target elements from which they originate, the output 
signal corresponds to the potential variations on the storage target produced 
by the input (photoelectron) signal. 


A. 2. 8.1 Output Signal Current - As in the case of the SIT-SEC-Si0 2 

vidicons, a charge density, Q d> is delivered to the storage target from the 
photocathode. The charge density is proportional to the exposure, i.e.. 


t w s t cose 

Q d - "xVoX 0 X di <c<rals/meter ) 


(A-41) 


The amount, AQ^, by which the surface of the storage target is 


discharged is 


AQ - = G Q, (couls /meter 2 ) 
d t d 


The corresponding change in surface potential, AV, is equal 
to AQ/C*, or 


(A-42) 


G t W S t T cos6 

AV = - e J! ” W^P. t v o.dX 

C*4r 2 f 2 o A A oA A 

where C* is the capacitance per square meter of the target. 


(A-43) 


When the read beam having a forward current, 1^, scans the storage 
target, a return beam of magnitude is obtained (6 fc = secondary emission 
ratio of the target). Variations in the amount of this return beam current, 

AI, passing through the energy analyzer are related to variations in the target 
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potential, A V, by the readout characteristic slope. That is, 


AI = I , = m<$ I AV 

signal t b 


(A 


where m is the slope of readout characteristic. 


The electron multiplier then amplifies this signal by the 
multiplier gain factor, G^. 

After taking into account the reduction in signal due to the MTF 
of the system, T g (K), and the input modulation, M q , the signal in the 
electrostatic camera is given by the expression: 

Signal * 2M oV KH V 5 tV V) 

2C*v z f z W X P X t oX°X d> ( “^ s) 

A. 2.8.2 Output Noise Current - The noise sources associated with the 

electrostatic storage camera are: 

• Quantum (image) and target noise 

• Dielectric target charging noise 

• Read beam shot noise 

• Secondary emission noise of dielectric target 

• Energy analyzer partition noise 

• Electron multiplier secondary emission noise 

• Thermal noise of the load impedance 

• Shot noise in the channel current of the preamp FET 


.-44) 


(A-45) 
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A. 2. 8. 2.1 Quantum (Image) and T arget Noise Terms - For a given exposure 

the amount of noise charge Q nd stored on one resolution element of the target 

is given by 


*nd 


(G +1)G eAt W S t cos6 , 

a l t t e p p L j 

[ 4r z f z 




(A-46) 


(couls/res.ele.) 


This equation, which takes into account the noise contribution of 
the target, is developed in the discussion of the SIT-SEC-Si0 2 vidicon signal- 
to-noise model (Section A. 2. 1.2.1). 


This noise charge corresponds to a noise voltage, V nd 


, where 


q; 


nd 


nd C*A 


(volts) 


(A-47) 


This noise voltage is converted into an output noise current, i ftd » 
in the same manner as the signal voltage on the target is converted into 
an output signal current, i.e.. 


or 


‘nd ' VWnd 


(A-48) 


GmS I, (G +1)G eAt W S t cos0 i 

t = «- t _b r v t t Vp p. L f 00 w p t a. dX]^ (amps) (A-49) 

nd C*A L 4r z f z o X A oa A 


4r z f 


As was discussed in Section A* 2.1* 2*1, a correction factor, g, must 
be included in the quantum noise expression. This factor takes into account 
the fact that the quantum noise contribution to the overall noise of the 
sensor will be reduced due to the MTFs of the target and readout section. 
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A.2.8.2.2 


Dielectric Charging Noise during Readout - During readout, the 


surface potential of the target is shifted to a more positive value (assuming 
6^ > 1). This causes additional fluctuation or noise in the surface potential 
of each resolution element. These voltage fluctuations are the result of 
current fluctuations in the primary read beam and in the return beam. 


Since the noise in these two currents is fully correlated, the 

resulting fluctuation, V^, in the surface potential of a resolution element 

is given by the equation 

. >5 

V ■ CM {St[2 e I b (S t -l) 2 B+2e( K -5 c )S t I b Bj } (*-50) 

where tc is defined in Section A. 2. 6.1 and At is the dwell time of the read 
beam on a resolution element. 


If the video bandwidth, B, is selected so that the dwell time of 
the read beam on a resolution element is equal to 1/2B, then 


V 

nc 


jl eyyi ) 2 ♦ * 

C*A 1 2B •* 


el [1 +(k-2)6 Ah 

—=— { 2 — } 

C*A 1 2B ! 


(volts) 


(A- 51) 
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As with the quantum noise voltage, the noise voltage due to target 
charging is converted into an output noise current: 


i 

nc 


Wb °i b U-K*-2)6 t ] H 

C*A 1 2B ' 


(amps) 


(A-52) 


A. 2. 8. 2. 3 Read Beam Shot Noise - The shot noise in the read beam is 

amplified by the secondary emission yield at the target. The shot noise current 

u 

in the return beam is therefore equal to 6^_(2eI^B) , Since the energy analyzer 
permits only a fraction, a, of the return beam to enter the electron multiplier, 
the output noise current, i^, due to the shot noise in the read beam can be 
expressed as 


i 


r 


G M a« t (2eI b B ) >i 


(amps) 


(A-53) 


A. 2. 8. 2. 4 Secondary Emission Noise of Dielectric Target - The rms 

fluctuations in the secondary emission current, 6^1^, would be equal to 
, J* 

(2e6 I, B) provided Poisson statistics could be assumed. Since, however, the 

t D 

fluctuations in the secondary electron emission of some materials cannot be 
described using Poisson statistics, a more general expression for the noise 
current associated with the secondary emission current takes the form 

h 

[2e(<-6 t )6 t I^B] . As with the read beam shot noise current, a fraction, a, 
of this noise current enters the electron multiplier. The output noise current, 
i g , due to secondary emission at the dielectric target can thus be expressed 
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as 


i g = G M a[2e(K-6 t )6 t .I b B]' i (amps) 


(A-54) 


A. 2. 8. 2. 5 Energy Analyzer Partition Noise - At the energy analyzer, a 

portion, a, of the return beam passes through the energy analyzer while the 

remaining portion, 1-a, is rejected. The value of a is determined by the 

potential of the target element where the return (secondary) beam was generated. 

This return beam separation results in a partition noise current, i , at the 

P 

sensor output, where 


i p " G M [2e(l-a)aS t l b B]' 5 (amps) (A-55) 

A. 2. 8. 2. 6 Electron Multiplier Secondary Emission Noise - The development 

of the expression for the noise contribution of the electron multiplier is 

the same as that described in Section A. 2. 5. 2.3, with the current entering the 

electron multiplier as ad I 

t b 

The complete peak-signal-to-RMS-noise model for the electrostatic 
camera system is presented in Section A. 2. 12. 


A. 2. 9 AN ALYT I CAL-PEAK- S IGNAL-TO-RMS-NOI SE MODEL FOR THE CHARGE- COUPLED 

IMAGER AND INTENSIFIED (PHOTOEMITTER) CHARGE-COUPLED DEVICE 

Both the charge-coupled device target and the intensified charge- 
coupled device target consist of arrays of closely-spaced metal electrodes 
that overlap an insulator deposited on a uniformly-doped semiconductor substrate. 
Silicon is normally used as the substrate. 
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Light from the scene results in a corresponding pattern of charge 
being collected in potential wells under the electrodes. In the case of the 
CCD, this charge pattern is generated directly by photons at the silicon 
target (photoconductivity). In the ICCD, a photocathode converts the light 
into photoelectrons which generate electron-hole pairs within the silicon. 

These "charge packets" are collected under each electrode and are transferred 
during readout by manipulation of the voltages that constrain them. When they 
reach one end of the device, an output shift register removes them sequentially 
from the silicon. 

A. 2. 9.1 Output Signal Charge - As in the other sensors that have been 

discussed, the amount of charge, Q, generated at each target resolution element 
is given by 


t eAW t cos© 

Q - 6 4hcr^f 7 — XW '^ n ' dA couls/res. ele. (for the CCD) (A-56) 


o rx'x 


and 


G t AW S t T cos0 

= - - / P 2&r / 00 w P t .a dA 

4r 2 f 2 o X X oX X 


couls/res. ele. (for the ICCD) (A-57) 


If all the charge in each packet reached the output of the device, 


the output signal Q would be 

s 


Q = 2M t (K)Q (couls/res. ele.) 
s os 


(A-58) 
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However, a certain fraction, of this charge is lost during 
each transfer. If n transfers are required in order for a particular 
charge packet to reach the output, the output signal in that charge packet 
will have been reduced to: 


M t (K)AeW t T t cose 

Q s - a-V 0 s 2hcr ; f l e — C 


0 A A 'A 

couls/res. ele. (for the CCD) 


(A-59) 


and 


M t (K)AG t W S t T cos9 
x o s teppL 

(1 nc c > 1-Pit 


/ W-.P. t ,,a..dA 

o A A oA A 


(A-60) 


couls/res. ele. (for the ICCD) 


A. 2.9.2 Output Noise Charge - The noise sources associated with the 

CCD and ICCD are: 


• Quantum (image) and target noise 

• Dark current noise 

• Interface state noise 

• Shot noise in channel current of preamp FET 

• Thermal noise of preamp input impedance 

A. 2. 9. 2.1 Quantum (Image) and Target Noise - The expressions for the 

quantum target noise are very similar to those presented in other signal- 
to-noise models. In the case of the CCD and ICCD however, the signal and 
noise terms are being expressed in terms of charge rather than currents. 
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The expressions for the quantum target noise, Q qn> thus becomes: 


$2(n+l)e 2 AW t t cose „ 


(A- 61) 


coul/res. ele. (for the CCD) 


and 


V * [ 


B 2 (G < +l)G..t eAW S t cos 6 
t t e P P X- 


4r 2 f 2 


■ r o"Vx C oA' , * d » 1 ' 


(A-62) 


coul/res. ele. (for the ICCD) 


A. 2. 9. 2. 2 Dark Current Noise - In both the CCD and ICCD, the dark current 

across a resolution element of the target adds shot noise to the signal. Noise 
charge resulting from this dark current is added to a signal charge packet both 
during the integration (exposure) time and during the time required to read out 
a given signal charge packet. 

For an integration time, T integ » the amount of noise charge added to 

% 

a signal charge packet is equal to (2eIjjT^ n ^g) couls, where 1^ is the dark 
current per resolution element. 


If the time required to transfer a signal charge packet from its 


original location to the output p-n junction is ~ , where n is the number 

c 

of transfers required and is the clocking (transfer) frequency, then the 
amount of shot noise charge added to a signal charge packet during the 

/2enljj\ 

readout time isl— - J couls. 
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A. 2. 9. 2. 3 Interface State Noise - Due to the presence of interface states 

within the target, minority carriers in a potential well are subject to random 
capture and emission. The spectral density of the mean-square minority carrier 
charge density fluctuation S^(aj) is given by the expression 

4kTN (E)A e 2 a t 

S q (a)) = ^ ~~ t tan (u)T v e P > _tan (A-63) 

P * y 

where 


N t (E) « number of interface states per unit volume 
per unit energy as a function of energy. 

A c = area of the MIS capacitor formed by the metal 
electrode- insulator-silicon overlap 

w = radian frequency 


- parameter characterizing the tunneling probability 

(i.e., F(y) - e a P y , where y is the distance from 
silicon into transition region) 


- thickness of the interface transition region 
= time constant of interface state at y = 0 


-a t v 

For(e P 7/x < w < 1/t , S (io) 

y y q 

_ n 

S^(aj) varies as oj . 


-1 

varies as co 


For m > 1 /t , 

y 


As with the dark current, the interface states add noise to the 
signal both during the integration period and during the readout period. 
Integrating S^(oj) over the appropriate frequency intervals results in the 
following expressions for noise charge contributions, q^, due to the interface 
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states: 


kTN (w . _ ) A e 2 , 

q (integration) = [ " ^ ln ^ 

n a p integ y 


4kTN (cu. )A e 2 . 
+ t integ c -j 

a J 

P 


(A-64) 


kTN (a) )A e 2 n , 

q (readout) = [ " In (— ) + 

P c y 


4kTN (« )A e 2 n . j_ 

— c c ■ ■ ■ V if ui < — 

a c t 

p y 

4kTN. (w )A e 2 n . , 

q (readout) = [ ^77 ] if w c > ~ 

p c y y 


(A-65) 


(A-66) 


A. 2. 9. 2. 4 Shot Noise in Channel Current of Preamp FET - As in the other 

sensors discussed, the channel current of the preamp FET will contribute shot 
noise charge, <l nFET » equal to 


where 


SnFET 


'FET f 8eI F B3c2 A 

- <■ 4B^g it > ' ( 1 


2B 


m 


g 


(couls) 


m 


i = shot noise current in I_ 
FE1 r 


(A-67) 
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A.2.9.2.5 


Thermal Noise of Preamp Input Impedance - Since the output of 


the CCD and ICCD has an impedance of the reverse-biased output diode 
(generally v 10 15 ohms), the thermal noise due to this load impedance is 
insignificant. However, the input resistor of the preamp, in parallel with 
the load impedance, will contribute a thermally— generated noise charge. This 

is 

noise charge is equal to (kT/R^B) couls, where R^ is the impedance of the 
input resistor. 


The complete analytical peak-signal-to-RMS noise models for 
both the CCD and ICCD are presented in Section A. 2. 12. 

A. 2. 10 GAIN CALCULATION OF IMAGE INTENSIFIERS FOR USE IN ANALYTICAL MODELS 

A. 2. 10.1 Determination of Gain of Image Intensifier to be used with the 

SEC Vi die on - The image intensifier consists of a fiber optic faceplate, 
photocathode, image (accelerating) section, phosphor, and fiber optic endplate. 

The photoelectron current density, I, resulting from the image plane irradiance 
is equal to 

W t S'cos0 

1 * C (A-68) 

These photoelectrons are accelerated across a potential difference, 

^a* wit h^ n the image section. At the phosphor surface, they have an energy 
of e(V a -V d ) electron volts. That is, the input power density to the phosphor 
is equal to KV a ~V d ) watts where IV d represents the energy lost by the electrons 
in penetrating the conductive coating of the phosphor. 
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»isEC 


The light output of the phosphor reaches the photocathode of the 
vidicon after passing through the fiber optic endplate of the intensifier 
g|- and the fiber optic faceplate of the vidicon. The resulting photoelectron 

fSW* current density, I. , reaching the SEC target is thus 

SBflraiP . t 


I = I(V -V,)L S / t * t .o,dX 
t '“ a d p p o y A oA oA A 


(A-69) 


Substituting Equation (A-68) for photoelectron current density in 


the above equation gives 


W t S 1 cosQ 

i t I( VV 1 pV« V^oxV*] 


(A- 70) 


JV' 

wp:- 

rl; . 
f V f 


Without the image intensifier, the photoelectron current density, 
I’ , would be equal to 


W t T S cos0 

V t " 4r4^ f o ¥A t oi°J 


dA 


(A- 71) 


The gain, Gj, of the image intensifier is, therefore, defined to 


I S’L (V -Vj/ W^t"cr *dA/ <(> t* ,t 0 dA 
t _ pp a d o A A 0 A O A OA OA A 

I t f 00 W,P.t ,a dA 

o A A oA A 


(A- 7 2) 


mM-.. ' 

i'i 

. /?■ ; 'U- 

; . 
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If we assume that - S’, o = o’ and t = t' = t" , , then the 

p p A X OA OA OX 

gain becomes 


G t = (V -V,)S L 
I a d p p 




(A- 73) 


A. 2.11 DETERMINATION OF THE GAIN OF THE IMAGE INTENSIFIER TO BE USED 
WITH THE SILICON VIDICON AND SLOW-SCAN VIDICON 


A derivation similar to that discussed in Section A. 2. 10.1, leads to 
an expression for the gain of an Image intensifier used with a vidicon having 
a photoconductor. 


Since a fiber optic faceplate must be added to the vidicon, the 

spectral light intensity striking the photoconductor is similar to the case 

for the photocathode device. If monochromatic quantum efficiencies, q ,are 

used to express the efficiency of the photoconductor, this spectral light 

intensity (generally expressed in watts/m /nanometer) must first be converted 

into photons /nanometer. The corresponding current, I , generated in the 

pc 

photoconductor is therefore equal to 

I(V a“V L e 

X pc he f o < *’A t, oA t oA Xn A dA (A-74) 
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By substituting Equation (A-70) for, I, we obtain 

t_ S f 
> L 

"4r *£ 


W t T S' cos 0 m (V -V,)L 00 , , j, i 

i pc - A W'oxV'* 1 [ hT-^o VoxW^J 


(A- 75) 


In a silicon or slow-scan vidicon tube having no intensifies the 


current I' generated in the phot ©conductor would be equal to 
pc 

W t ecosO 

w\ dx 


(A-76) 


The effective gain, G^, of the image intensifier is then defined 


to be 


V ^L p (v a -v d )/ Q y x t;' x o/dx/ o m v^t oX An x di 

Gl = X PC " J'oVx- X *V* 


(A-77) 


ANALYTICAL PEAK-SIGN AL-TO-EHS-NOISE MODELS FOR SELECTED CANDIDATE 
SENSORS 


The analytical peak-signal-to-RMS-noise models developed in this 
section are presented in Equations (A-78) through (A-87). 

A. 2. 13 ANALYTICAL MODEL PARAMETERS 


Definitions of the parameters used in these models and in the 
development of these models, and the Fortran symbols which are used in 
Appendix B,are presented. 
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SNR 


SNR - 


SIT VIDICON - SEC VIDICON - SiOj VIDICON 


M o T s (K)Bn c GtAt e W p S p t L c089 

FT 2 


W.P.t .dX 
X X oX 


1 

- 


8«I_B 3 C z 

V + 


4kTR B 2 a e G At W S t T cos6 

+ 2eIpB + C ' - T t f i P L 


*L 


VxSx' 1 * 


+ B 2 (G t +l) 


(' 


B 2 n 2 eG At W S t.cosQ 
c t e p P L 


'o W xV 


T 2 

oX d j_ 


(A-78) 
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Noise 


Read Beam 
Shot Noise 


Quantum (Image) 
Noise 


SILICON VIDICON - SLOW SCAN VIDICON 


M r (K)Bn eAt W t T cos9 
os c e p L 

hcr*f 2 




t 


SelpB 3 C 2 


4kTB 

«L 


2eI D B + 


B 2 n e 2 At W t T cos 6 
c e p L 

hcr z f z 


^xVox^ + eZ(ri+1) 




B 2 aJe 2 At W t. cose 

c e p L 

~ h7r^ 


XW.. P. t . n. dX 
A A OA A 


\ 


1/2 


Preamp 
FET Shot 
Noise 


Load Target 
Imped- Dark 

ance Current 
Thermal Shot 

Noise Noise 


Read Beam 
Shot Noise 


Quantum (Image) 
Noise 


(A-79) 
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SNR- 


SNR 


INTENSIFIED SEC VIDICON 


(A-80) 


M T (K)Bn G C T At W 5 t, cosQ 

-2-L. c c 1 e P P L / ~ W. P, t ,dA 

r 2 f 2 O A A OA 


B 2 n eG^G^At W_S t T cos6 



. 4kTB . 

**V + 


-T* — 

6 m 

+ X _+ 

r z f z 

Preamp 
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FET Shot 

Imped- 
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Shot Noise 

Noise 

ance 
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Thermal 

Shot 



Noise 

Noise 



OWoX* + [0»t +1>G t ll2pB “«Vp (V * _V d )/ o Wix'oX®! 


/eAt W t,S' 

V ' Yz*{'* 2 


cos6 

2 7 o VlW * 


a 


1/2 


Quantum (Inage) 
Noise 


INTENSIFIED SILICON VIDICON - INTENSIFIED SLOW-SCAN VIDICON 


(A-81) 


M t (K)Bn eAt Wt cosO 

— U “X P »‘0»"X" 




8eI_B^C 2 G T t B 2 n e 2 AW t T cos8 f 2£Bn eL ( 

* M + 2„ v ♦ »« h ^ L — OW . A * + «•« l — 


1/ 


'o ’A oA 


Preamp Load Target Read Beam 

FET Shot Imped- Dark Shot Noise 

Noise ance Current 

Thermal Shot 
Noise Noise 


Ouantum (Image) 
Noise 
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RETURN BEAM VIDICON 


SNR - 


M t (KjGJSf n eAt W t cosfl 
o 8 K r c e p L - *» . ^ 

hcr^fZ 2 / 0 XW X P X t oX°A dX 


SNR 


1 


— r* — 
. b ® 



+ _L_£ + 
“b 

«V* C ! < 

Preamp 
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Read 

Quantum 
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Imped- 
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Noise 


Shot Noise 

Noise 


/ BeAt W t_ cos8 
e p L 


■'o X V* C o*V X 


8 “ 


(A- 82) 


IMAGF ORTH ICON 


Vs 1 ®V‘f <« t -« A v W vo.« 

?rp B 


A W.P.t .dA 
o X X oA 


(A-83) 


M SalpB^C^ 

. 4kTB ^ 
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LIST OF ANALYTICAL MODEL PARAMETERS 


TEXT PROGRAM 

SYMBOL SYMBOL 


A AELEM 

A AELEM 

c 

ABEAM 


A SMEAR 

m 

a A 


s 

« 

P 

« ALP 

B BAND 

B c BC 

b 

r 

b 


DESCRIPTION 

AREA OF ELEMENT 

AREA OF CCD MIS CAPACITOR 

AREA OF READ BEAM 

RESOLUTION ELEMENT AREA 

SMEAR IN IMAGE PLANE 

FRACTION OF RETURN BEAM PASSING 
THROUGH ENERGY ANALYZER 

LENGTH OF THE SEMIMAJOR AXIS 

SCATTER GAIN OF IMAGE ISOCON TARGET 

PARAMETER CHARACTERIZING TUNNELING 
PROBABILITY 

SILICON ABSORPTION COEFFICIENT AT 
WAVELENGTH OF INTEREST 

VIDEO BANDWIDTH 

CLOCK (TRANSFER) FREQUENCY 

BIT RATE 

TARGET STORAGE CHARGE 


6 

*2 

C 

c* 


c 


D 


BB 


CS 

C 

CR 

C 


NOISE BANDWIDTH CORRECTION FACTOR 

NOISE CORRECTION FACTOR 

CAPACITANCE (PREAMP SHUNT CAPACITANCE) 

CAPACITANCE PER UNIT AREA (TARGET) 

CONTRAST RATIO 

VELOCITY OF LIGHT 

OPTICAL LENS DIAMETER 


UNITS 

2 

m 

2 

m 

2 

m 

2 

m 

2 

m 


m 


-1 

m 


hertz 

-1 

sec 


bits/sec 


electrons/ 
res. ele. 


Farads 

2 

Farads /m 


g 

3 x 10 m/sec 
m 
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TEXT PROGRAM 

SYMBOL SYMBOL DESCRIPTION 


D h D 

D 

s 

d D 

d DP 

P 

6 SET 

t 

6 SEM 

m 


max 

E . 
min 


AE 


E 

o 

e 


Q 


HOLE DIFFUSION CONSTANT IN n-TYPE SILICON 

DIAMETER OF RIGHT CIRCULAR CYLINDER 

DIAMETER OF ELECTRON BEAM 

ONE HALF CENTER TO CENTER SPACING 
OF DIODES 

SECONDARY EMISSION YIELD OF TARGET 

SECONDARY EMISSION YIELD OF FIRST DYNODE 
OF ELECTRON MULTIPLIER 

THE AVERAGE LEVEL OF LIGHT INTENSITY 

MAXIMUM INTENSITY OF LIGHT 

MINIMUM INTENSITY OF LIGHT 

DIFFERENCE OF MAXIMUM AND MINIMUM 
LIGHT INTENSITY 

ELLIPTIC INTEGRAL OF THE FIRST ORDER 
ELECTRONIC CHARGE 


e EC FRACTION OF CHARGE CAPTURED FROM ONE 

C PACKET AND EMITTED INTO TRAILING 

PACKET 


e 


o 


ECCENTRICITY OF THE ORBIT 


MONOCHROMATIC QUANTUM EFFICIENCY 


H QE 


INTEGRAL QUANTUM EFFICIENCY 


QEP QUANTUM EFFICIENCY PEAK 


QEPC RELATIVE QUANTUM EFFICIENCY OF 

PHOTOCONDUCTOR 


UNITS 

2 . 

m /sec 


m 


m 


m 


W/m 2 

W/m 2 

W/m 2 

W/m 2 


1 . 6 x 10 
couls 


electrons/ 

proton 

electrons/ 

proton 

electrons/ 

proton 
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TEXT 

PROGRAM 


UNITS 

SYMBOL 

SYMBOL 

DESCRIPTION 

F 

FOC 

FOCAL LENGTH 

m 

f g 

FT 

SCENE NOISE FACTOR 


F 


INPUT FLUX DENSITY AT IMAGE PLANE 

W/m^ 

V 


INPUT FLUX (OR FLUX DENSITY) 

2 

W (or W/m ) 

F 

FLUX 

INPUT FLUX (OR FLUX DENSITY) AT PHOTOCATHODE 

W (or W/m^) 

pc 

F 

V 

FLUX 

RATE OF FLUX OF PHOTONS 

photons/sec 

f 

FNUM 

F-NUMBER OF OPTICAL SYSTEM 


*A 

AP20 

RELATIVE SPECTRAL OUTPUT OF PHOSPHOR 


g t 

GS20 

IMAGE INTENSIFIES CURRENT GAIN WHEN 


I 

GSSV 

COUPLED TO AN S-20 PHOTOCATHODE 
IMAGE INTENSIFIER CURRENT GAIN WHEN 


I 

G 

GSV 

COUPLED TO A SLOW SCAN VIDICON 
IMAGE INTENSIFIER CURRENT GAIN WHEN 


I 

G i 

GI 

COUPLED TO A SILICON VIDICON 
IMAGE INTENSIFIER CURRENT GAIN 


G 

GM 

GAIN OF ELECTRON MULTIPLIER 


M 

GR 

SPATIAL FREQUENCY EQUIVALENT TO 

lp/mm 

G 


ONE PIXEL SMEAR 
GROUND RESOLUTION 

m 


GRS 

SMEAR IN GROUND PLANE 

m 

G t 

-GT 

GAIN OF TARGET 


g 


ENCODING PRECISION 

bits/pixel 

6* 

GMFET 

FET TRANS CONDUCTANCE 

amp /volt 

H 

ALT 

SPACECRAFT ALTITUDE ABOVE PLANET SURFACE 

ra 

h 

H 

PLANCK’S CONSTANT 

6.62 x 10^ 

I 

• CURD 

DETECTOR OUTPUT CURRENT DENSITY 

amps/m^ 
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TEXT 

SYMBOL 

PROGRAM 

SYMBOL 

DESCRIPTION 



CURRENT FROM TARGET 

X b 

BEAM 

READOUT BEAM CURRENT 

X D 

IDARK 

DARK CURRENT 

X F 

IFET 

FET CHANNEL CURRENT 

x s 

SIGSYS 

SIGNAL CURRENT 

I 

P c 


PHOTOCONDUCTOR CURRENT WITH IMAGE 
INTENSIFIER 

I* 

pc 


PHOTOCONDUCTOR CURRENT WITHOUT IMAGE 
INTENSIFIER 

4 d 

UDARK 

TARGET DARK CURRENT SHOT NOISE 

i 

e 

UMULT 

NOISE CURRENT ASSOCIATED WITH ELECTRON 
MULTIPLIER 

i i 


OUTPUT NOISE CURRENT ASSOCIATED WITH 
INPUT SIGNAL 

i 

nc 


OUTPUT NOISE CURRENT DUE TO V 

nc 

Sad 


OUTPUT NOISE CURRENT DUE TO V 

nd 

4 r 

UREAD 

SHOT NOISE IN READ BEAM 

i 

s 


SECONDARY EMISSION NOISE CURRENT 

i 

t 

UAMPL 

THERMAL NOISE CURRENT 

i 

P 


PARTITION NOISE CURRENT 


UBEAM 

READ BEAM SHOT NOISE (ESC) 


UANAL 

ENERGY ANALYZER PARTITION NOISE (ESC) 


UDIEL 

DIELECTRIC CHARGING NOISE DURING 
READOUT (ESC) 


UQUANT 

QUANTUM (IMAGE) NOISE 


ULOAD 

PREAMPLIFIER FET SHOT NOISE 


USCENE 

QUANTUM (IMAGE) NOISE 

ft 

SPAT 

SPATIAL FREQUENCY 
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UNITS 

amps 

amps 

2 

amps or amp/m 

amps 

amps 

amps 

amps 

amps 

amps 

amps 

amps 

amps 

amps 

amps 

amps 

amps 

amps 

amps 

amps 

amps 

amps 

amps 

lp/mm or 
cycle/mm 



TEXT 

SYMBOL 

K 


s 

k 

k 


PROGRAM 

SYMBOL 


BK 

DK 


l 

L 

a 

h 


m 

“b 

MTBF 

MIF 


M (K) 
a 

M i (K) 

M 


M d ( K) 


LA 

LB 

LO 

PP20 

WAVE 

M 

M 


TAVA 

TSCENE 

TMA 


N t 


N t (E) 


description units 


SIGNAL REDUCTION FACTOR 

IMAGE ISOCON INCOMPLETE SEPARATION 
FACTOR 

BOLTZMANN'S CONSTANT 
DIELECTRIC CONSTANT 
VAN DER ZEIL'S CORRECTION FACTOR 
FORMAT SIZE 

THICKNESS OF UNDEPLETED REGION 


1.38 x 10“ 23 J/°K 


mm 

m 


THICKNESS OF THE N-TYPE REGION m 

PLUS WIDTH OF DEPLETED REGION 

DIFFUSION LENGTH m 

PEAK MONOCHROMATIC OUTPUT OF PHOSPHOR W/W/m 


WAVELENGTH 

SLOPE OF READOUT CHARACTERISTIC 

BEAM MODULATION FACTOR 

MEAN TIME BETWEEN FAILURES 

MODULATION TRANSFER FUNCTION 

AVAILABLE AERIAL IMAGE MODULATION 

IMAGE MODULATION 

OBJECT MODULATION (SCENE) 

THRESHOLD MODULATION (EXCLUDES AVAILABLE 
IMAGE MODULATION FROM SNR CALCULATION) 

NOISE ELECTRONS ASSOCIATED WITH 
DISCHARGING A RESOLUTION ELEMENT 

TOTAL NUMBER OF FAILURES 

NUMBER OF INTERFACE STATES PER UNIT 
VOLUME PER UNIT ENERGY AS A FUNCTION 
OF ENERGY 


m 

amp/amp/volt 


sec 


ele/res, ele 


-3 , - -1 

m joule 
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TEXT 

PROGRAM 



SYMBOL 

SYMBOL 

DESCRIPTION 

UNITS' 

N (W, 

t v integ) NTL 

NUMBER OF INTERFACE STATES 

ASSOCIATED WITH W. 

integ 

m ^joule 1 

N t (Wc) 

NT CL 

NUMBER OF INTERFACE STATES 
ASSOCIATED WITH W 

c 

m ^ joule ^ 

n 


AVERAGE NUMBER OF PHOTONS /RESOLUTION 
ELEMENT' 

photons/res.ele 

n 

TN 

NUMBER OF TRANSFERS OF CHARGE PACKET 


n 

c 

RE 

READOUT CONVERSION EFFICIENCY 


n 

P 


NUMBER OF RESOLUTION ELEMENTS 


V 


FREQUENCY OF LIGHT FROM SCENE 

sec ^ 


PA 

PHASE ANGLE 

radians 

P A 

AJUP 

GEOMETRIC ALBEDO (JUPITER) 



PIX 

PIXEL 

m 

P* 

c 


DESIRED CONFIDENCE LEVEL OF MTBF 


Q d 


CHARGE DENSITY 

couls/res.ele 

«d 


CHARGE REMOVED FROM EACH RES. ELEMENT 

couls 

Q 


CHARGE FOR FULL TARGET CAPACITY 

couls/res.ele 

Q in 

Q 

INPUT CHARGE DENSITY FROM PHOTO CATHODE 

couls /m^ 

*nd 


NOISE CHARGE ASSOCIATED WITH THE 
INPUT SIGNAL 

couls/res. ele 

^qn 


NOISE CHARGE AT PHOTOCATHODE OF THE 
IMAGE INTENSIFIER 

couls /res. ele 



OUTPUT CCD SIGNAL CHARGE 

couls 

In 


NOISE CHARGE 

couls 

[ nFET 


NOISE CHARGE DUE TO FET CHANNEL 
CURRENT 

couls 
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TEXT 

SYMBOL 

PROGRAM 

SYMBOL 

DESCRIPTION 

q s 


NOISE ELECTRONS FROM EACH RESOLUTION 

element 

R 

R 

SILICON REFLECTIVITY AT WAVELENGTH 
OF INTENSITY 

R • 
e 


RELIABILITY 

“d 

RESP 

RESPONSIVITY OF DETECTOR 

R i 

RI 

INPUT IMPEDANCE OF PREAMPLIFIER 

R J 

RJ 

RADIUS OF PLANET 

«L 

RL 

OUTPUT LOAD IMPEDANCE 

R 

s 

SPIN . 

SPACECRAFT SPIN RATE 

r 

AUJ 

SUN-PLANET DISTANCE IN ASTRONOMICAL 
UNITS (JUPITER) 

>c 

S(K) 

SIGSYS 

OUTPUT SIGNAL 

S 

V 

S 

SURFACE RECOMBINATION VELOCITY 
HOLES AT THE ILLUMINATED SURFACE 

smear 


IMAGE SMEAR 

SNR(K) 

SNR 

SIGNAL-TO-NOISE RATIO 

SNRl 

SNRL 

LIMITING THRESHOLD SIGNAL-TO-NOISE 
RATIO 

S 

P 

S20P 

PEAK MONOCHROMATIC RESPONSIVITY OF 
THE DETECTOR (S-20) 

s ’ 

p 


INTENSIFIER PHOTOCATHODE SENSITIVITY 

s (w) 


SPECTRAL DENSITY OF THE MEAN-SQUARE 
MINORITY CARRIER CHARGE DENSITY 
FLUCTUATIONS 

s 

o 


OPTICAL SIGNAL 


SNRAIM 

SIGNAL-TO-NOISE RATIO (EXCLUDES 


AVAILABLE AERIAL IMAGE MODULATION 
FROM SNR CALCULATION) 


UNITS 

electrons/ 
res. ele 


amp/W 

ohms 

m 

ohms 

rpm 

A.U. 


amps 

m^/sec 

m 


amp/W 

coul/ J 
coul^ 


W/m^ 
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TEXT PROGRAM 

SYMBOL SYMBOL DESCRIPTION UNITS 


SIGAVA 


a 

o. 


RS20 


integ 


T 

T 

A n 


TEMP 


TM 


m 


opt 


oX 

fc oX 


t". 

oA 


At 


TL 

EXPT 

T1 

T2 

L 

TF 


SIGNAL (EXCLUDES AVAILABLE AERIAL' DIAGE 
MODULATION FROM SIGNAL CALCULATION) 

STANDARD DEVIATION 

RELATIVE SPECTRAL DISTRIBUTION 
OF DETECTOR S-20 

RELATIVE SPECTRAL RESPONSE OF 
INTENSIFIER PHOTOCATHODE 

INTEGRATION (EXPOSURE) TIME 

TEMPERATURE (KELVIN) 

TOTAL SYSTEM TEST TIME 

THRESHOLD MODULATION 

SPACECRAFT ORBITAL PERIOD 

TRANSMISSION OF OPTICAL SYSTEM 

TRANSMISSION OF COLLECTOR MESH 

EXPOSURE TIME 

OPTIMUM EXPOSURE TIME 

TARGET THICKNESS 

TARGET-TO-MESH SPACING 

THICKNESS OF INTERFACE TRANSITION REGION 

TRANSMISSION OF FIELD MESH 

SPECTRAL TRANSMISSION OF SENSOR FACEPLATE 

SPECTRAL TRANSMISSION OF INTENSIFIER 
ENDPLATE 

SPECTRAL TRANSMISSION OF INTENSIFIER 
FIBER OPTICS FACEPLATE 

READOUT TIME 


amps 


sec 


sec 


sec 


sec 

sec 

m 

m 

m 


sec 
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TEXT 

PROGRAM 



SYMBOL 

SYMBOL 

DESCRIPTION 

UNITS 

t(K) 


RESPONSE FOR SINE WAVE OF K CYCLES /MM 


V„ (K) 

TCAM 

MTF OF SENSOR 

l 


t s (K) 

TSYS 

MTF OF SYSTEM 


T (K) 

TLEN 

MTF OF LENS 


lens 


TMOT 

MTF DUE TO IMAGE MOTION 


t x (k) 

TTAR 

MTF OF TARGET 


t. (K) 

TIS 

MTF OF IMAGE SECTION 


IS 

Tr(K) 

T re C (K) 

TELB 

MTF OF READOUT BEAM 
MTF OF RECORDER 


T. (K) 

JL 

Til 

TFIB 

MTF OF INTENSIFIER 
MTF OF FIBER OPTICS 



TMES 

MTF OF TRANSMISSION MESH 


0 

PAD 

PHASE ANGLE 

degrees 

0 


FIELD OF VIEW 

radians 

V 

yw 

TLD 

MTF OF SILICON TARGET DUE TO LATERAL 
HOLE DIFFUSION 


V K) 

TDS 

MTF OF SILICON TARGET DUE TO DIODE 
SPACING 


t e< k) 

TFS 

MTF OF SILICON TARGET DUE TO FIRST SCAN 
EFFECT 


T 

y 

TS 

TIME CONSTANT OF INTERFACE STATE FOR 
Y=0 SEC (WHERE Y= DISTANCE FROM 
SILICON INTO TRANSITION REGION) 


V 

a 

V 

IMAGE INTENSIFIER ACCELERATING VOLTAGE 

volts 

V d . . 

VP 

DEAD VOLTAGE LOST IN PENETRATING PHOSPHOR 

volts 
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TEXT 

SYMBOL 

PROGRAM 

SYMBOL 

DESCRIPTION 

UNITS 

V 


AVERAGE SPACECRAFT VELOCITY 

km/sec 

AV 


CHANGE IN TARGET SURFACE POTENTIAL 

volts 

v s 


VELOCITY OF IMAGE WITH RESPECT TO 
OBJECT 

m/sec 

V nd 


NOISE TARGET VOLTAGE CORRESPONDING 

TO NOISE CHARGE, Q . 

nd 

volts 

V 

nc 


CHARGING NOISE VOLTAGE 
DUE TO TARGET 

volts 

V 

P 


VELOCITY OF SPACECRAFT AT PERIAPSIS 

km/sec 

W 

P 

SIRP 

PEAK SPECTRAL DENSITY OF INPUT FLUX 

2 

W/m /run 

w x 

RSXR 

RELATIVE SPECTRAL DISTRIBUTION OF 
THE INPUT FLUX 


w 


RADIAN FREQUENCY 

rad/sec 

U) 

p 


ANGULAR VELOCITY OF SPACECRAFT AT PERIAPSIS 

rad/sec 

CJ 

c 

WC 

CLOCK (TRANSFER) RADIAN FREQUENCY 

rad/sec 

to' 

integ 


INTEGRATION RADIAN FREQUENCY 

rad/sec 

m 

s 


SPIN ANGULAR VELOCITY 

rad/sec 

0) 

tot 


RELATIVE ANGULAR VELOCITY OF THE 
SPACECRAFT WITH RESPECT TO JUPITER 
AT PERIAPSIS 

rad /sec 

X 

X 

INTERFACE STATE NOISE CONTRIBUTION 
DURING INTEGRATION TIME (CCD) 

couls 2 

x 2 


CHI-SQUARE VALUE OF 2N + 1 DEGREES 

OF FREEDOM OF CONFIDENCE LEVEL P . 

c 


X 

H 

SECONDARY EMISSION NOISE FACTOR 


Y 

Y 

INTERFACE STATE NOISE CONTRIBUTION 
DURING CHARGE TRANSFER (CCD) 

couls 2 
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APPENDIX B 


PREPARATION OF COMPUTER PROGRAMS 
B. 1 INTRODUCTION 

Computer programs have been developed for the signal- to-noise- 
ratio models of the candidate imaging systems and were used to perform the 
parametric analysis in Sections 7 and 8. These programs were written in 
FORTRAN IV for interactive use on the Computer Sciences Corporation 
Univac 1108 computer timesharing system. 

This appendix presents the computer programs. First, the SIT 
vidicon model is used as a representative example to illustrate how the 
models have been structured. Computational flow diagrams for the SIT 
vidicon main program and subroutines are shown along with a line-by— line 
description of the program. Samples of the input and output are included, 
as well as a symbolic listing of the programs for all of the camera systems. 
A symbol list showing both text and FORTRAN symbols is given in Appendix A. 

B.2 COMPUTER PROGRAMS 

The analytical models for the camera systems have been written in 
FORTRAN IV computer language. A separate main program exists for each 
sensor type. Subroutines common to several camera models were used whenever 
possible to simplify the programming task. A list of the main programs 
and subroutines along with a brief statement of the purpose of each is shown 
in the Computer Program Summary Matrix, Figure B-l. 
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MAIN PR06PAMS 


COMPUTER PROGRAMS SUMMARY MATRIX 


SUBROUTINES 


OJ 

5 

< 

X 

NAME 

(y 

l 

oc 

i 

I 

q: 

£ 

</> 

5 

fe 

* 

a 




PURPOSE 

’ SECV (2) 

X 

X 

X 


X 




SEC VIDICON CAMERA (i) 
ANALYTICAL MODEL 

SITV 


X 

X 






SIT VIDICON CAMERA 

Analytical model 

RBV 

* 




X 






RETURN BEAM VIDICON 
analytical MODEL 

j SILV 
1 



X 

| 





Silicon vidicon (0 

analytical MODLl 

i SSV 

L , 

X 

1 

1 * 1 

L j 




Slow scan voicon 0) 
analytical model | 

ESC (2) 


A 

X 

X 



1 

! X 

! 






ELECTROSTATIC CAMERA 
ANALYTICAL model 

SDV 

1 1 

i 4 

X 

X 



* 

j 

j j 


j--- 


SILICON DIOXIDE VIDICON 
ANALYTICAL MODEL 

! CCD 

*— - - 

j 


1 

X 

! 




CHARGE - COUPLED DEVICE j 

analytical model. 

j ICCDCF (2) 



^ s 

* 1 

L 

X 1 

V - 1 



1 — -n 

1 

i 

i 

INTENSIFIED CHARGE -COUPLED 
j DEVICE ANALYTICAL. MODEL 

* 

1 

oc 

£ 

1 

*" Cl 

is 

<f> >" 

fc? u 

2 ui 

y c( 

Z 

£ 

£ £ 

| £ 
~ cz 

U 

II 

OJ 

s * 

t UJ 

*3 

LU 

-J z 

<£ O 

Is 
I J 

el 

5 1 
§8 
a p 

’ 

l fc 

tJ 

(0 p 

a wi | 

o o | 

fc $ ! 

5 a ! 
S 5 

5 a,i 
D 9 
V x 1 

< 2i 

O Q 

V ^ 

!P 

H 0 

g£ 
g I 

O < 

5 

3 c 

p 1 
SSI 

3S; 
< *r 
o dj 

-- -• i- 

1. 


f ! 

! 

(1) WITH OR WITHOUT 
IMAGE INTEN5IFIER 
STAGE 

(2) magnetically focused 

CAMERA PROGRAM u : 

ESCMF 

SECMF 

JCCD 


FIGURE B-l 



Most of the programs representing models of the camera systems 
are quite similar in structure. Therefore , in order to avoid repetition 
only the SIT vidicon model will be discussed in detail. 

B. 3 SIT VIDICON COMPUTER PROGRAM 

A description of the SIT vidicon program includes the main program 
SITV and the associated subroutines IRWATT and MTFAVA. The signal-to-RMS- 
noise expression for the SIT vidicon. Equation (B-l), illustrates how the sub- 
routines are used to calculate the various terms. 


Calculated by 
Main Program 
SITV 


Calculated by 

Subroutine 

IRWATT 



CB-1) 


where , 


SIT VIDICON MODEL 


M r (K) 
o s 


( m o t im^ t lens^ 


)t is (K)t t (K)t r CK) 


T 


Calculated by 
Subroutine 
MTFAVA 
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SITV is the call name of the main program for the SIT vidicon. 

It controls the bulk of the input/output statements and performs the signal- 
to-noise ratio and threshold modulation calculations. The subroutine IRWATT, 
which is common to all camera programs that utilize photoemissive cathodes, 
calculates the integral expression shown in equation (B-l) . 

Actual computation requires taking the integral of the product of several 
wavelength-dependent factors, including the input flux at the image plane, 
the geometric albedo of the planet, the transmission of the fiber optics, 
and the detector spectral response. MTFAVA calculates the available aerial 
image modulation transfer function, which combines the MTFs due to the lens 
assembly, image motion, and t h e image modulation. 

B.3.1 SIT VIDICON FLOW DIAGRAMS 

Computational Flow Diagrams for SITV and subroutines IRWATT and 
MTFAVA are shown in Figures B-2 and b~3- 

b .3.2 SIT VIDICON PROGRAM DESCRIPTION 

A symbolic listing of SITV and its subroutines are given. 

A brief line-by-line description for SITV and its subroutines will clarify 
the construction of the program. 
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FuaVICH M2T - StTV PgQQttAVI 


INPOT J 

exft,spin, pad, rot, 

AVID RAD,FNUM, CR, BAWD 


DATA '• 


TI5(k), mB(K) ; TRf(xj 
TLD('fc) , TDS(fc) , TFSCK) 


INITIALISE 

SKIRL, q , GT, AELEM, 
I DARK, D y TEMP* &MF 
BK, RL, IFET, CS y RE 


CALL IRWATT 


CM-L MTFAVA 


Calculate ; 

PA, SlGFLT, U DARK, Al, 
DREAD, RA, ULOAD, UAMPl 


PRlMT 

TLD(K),TtS(K) < TFS(K) / TISCK) 
TTAR(iC)TeiE,(t) y TFiIift)/ 

TGAVVCK), TSTS<IC), £&te), 

TM(vO y TMA(£), 5NE(t), 

SUEMlAOc), SPAT(t), 

$|££'/S(t), SI6AVAOO, 

UMOVSEOO, USCtWt(fc) 


OonTnjvS 


Pfcuor ■ 

URPAO OAWIPL, 01OAD, 
ODAEL 


STOP 


CAl.Cv>LATe ; 

SPAT (it), BBP, TTARCO, 
asceNEH UNovsecvc), 
TCAM(K),W(k), SMr*VM$ 
SKVISM, SN£A|M(k), 

SN 1200 ,TM(K) y TMA(K) 


Optimal Ps'wt : 

USE 'SHOW 'COMMAMP 
TO PEIMT INITIALISE* 
VAUtS OF INTEREST , 















INPUT : T 


iNITIMJiSEi 
7L, SZOP, S»RP 


DATA: 

RS^Ot*), R5IR(*), ALB(r) 
AUUPCx), RFl 6 (K)>UT(^ 


— *<( DO K*l y i+ 


Q.AUC.OUATE .’ 
WAvE(K) y SUNII y SUMf- 


OAv. CUkATE •' 
CONS, CO£b, FUlK, 
Resp 


|t>aot(k)-.ooi| 


INPUT : RJ . tMC 


INlTlAUife ; \Nfie</& 


— *<. DO K- IJ4> 


CAU2WLATE: 

GR5,P1X,ALT,AK, GR(K> 
TsceNe(ic), sratOc), B, ' 

TLEM(K) y SMCAE, AN 6 , 
TMor(fcJ, TAVA (>0 




IF SNCNt'EO‘0 


NO TMDTfc)# |,0 


CONTINUE 



< . PO >, \ 4 >> 
PRinT : 

waveoo , es^oc*), 
RsirOO 

I , 

CoMTtwO© 

L 

Print s 

CURD, FlUX , Rtsp 


Pei nt .* 

Smear , an<&-,grs, Pix 

~ l , 

P * P X l^*l y y 

L_ 

Print 

SflAT(lC), TlEN(K), TMOTffe 

TSCfNt (k) r TAVA (IC), GRCfc) 


Re-roB-N 


RgTOfc-N 


ewo 


Figure B -3 
















SITV PROGRAM LIST 


100 
105 
1 10 
1 15 
120 
125 
t3'i 
1.55 
140 
145 
150 
1 55 
160 
165 
170 
176 

1 80 
185 
190 
198 
20-J 
208 
210 
215 
270 
225 
2.50 
236 
240 
246 
250 
25:>" 
260 
265 
270 

2 76 
280 
286 
290 
295 


30 i 
306 

508 
5 1 0 
312 
516 
520 
526 
3 SO 


PRINT** * ANALVT ICAL MODEL OF SIT V ID ICON CAMERA 
PRINT***WITH ELECTROSTATIC IMAGE SECTION* 

DIMENSION SNR ATM! 1 4 ) ♦ SNR!l4>* TM(14), TCAM114) 

DIMENSION TSrS(l4)» TIS(14)» TEL8!l4>» TFIH(14)» SPAM 14) 

DIMENSION 06(14), USCENE(14)» UN0IS£(14), Sl«A\/A(l4) 

DIMENSION T ( AR ( 1 4 ) * TLD( 14) * VOS! 14), fFS(14) 

DIMENSION SIGSTSl 14) * TMA114) 

COMMON CORO* FLUX* RESP* T A V A ( 14) 

REAL I DARK* IFEI 

DATA TIS/.98* .9* . 79* .65* .61* . 56* .22* .08* .001* .001*'* 

.00 l» .001, .001* .001/ 

DA T A TEL8/. 98, . 965* . 94 * . 906 * . 855* . 78 * « 72 , .66, . 61 * . 56* % 

• 52* . 46* . 4 1 * . 36/ 

OAT A TF 18/ . 4 Q 5 » .98* .95* ,9, .83* . 76* .67* .62* .64* .6* .46** 

. 4 * . 36, . 3/ 

to READ! 5* *.PROMPT=* EXPOSURE! SEC) , SPIN RAT£(RPM>* * 

BAND 4 IOTH :*) EXPT* SPIN* 8AN0 

20 READ! 5* ** PROMPTS* FOCAL LENGTH! M) * F NUMBER* CONTRAST * 

RATIO ! *) FOC* FNHM* CR 

30 READ! 5* *»PROMPT=* PHASE ANGLE* INCIDENCE ANGLE* * 

REFLECTION ANGLE (DEGREES) !») PAD. A ID* RAD 
AO/6 7 .2958 
A I - A ID/5 7.2958 
R4ZRAO/57. 2958 
Q=1 .602E-19 

6 r = 2 non. 

D=20.E-6 

AELEM-! 3. 1416/4. ) *0**2 
IDARK=l.E-9 

SNRL=3. 

TEMP=233. 

BK-1 . 58F-23 

RL=2.E8 

IFET=7.E-3 

GMFET -13.4E-3 

CS-20.E-12 

RE^.9 

CAT' IR ,v A f f ( P A r A I * R A* FN‘ )M) 

CALL MIFAv/A! FNOM. SP IN* EXPT* FOC* CR) 

DATA TL0/.98* .926* . 851* . 772* . 704* .64* .59* , 5 "> * .51* .47* .001* .001 * 
.Oil* .001/ 

DATA T0S/.9 9* .958, .908* .84* .757* .662* .558. .45*. 341* .234* .135* 
.0*42* .OH* . O'; 1 / 

qata TFS/.911 * .853* .764* . 702* .648* .599* ,565* .816* .481, .45* 

.42 ’*.396*. 5 7 5*. 352/ 

Of) 290 K - 1 * * 4 

H AR(K) = TLO(K) * T OS ( K ) *rFS( K) 

290 CONTINUE 

PRINT 305* ( TLO! I) * r=l * 14) 

PRINT 310* ( rOS! I) * 1=1* 14) 

PRINT 316* ( TFS! I) * 1=1*14) 

PRINT 52i) * ( T VAR! D * t = l» 14) 
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335 

34!) 

34b 

350 

35j 

36) 

365 
370 
376 
580 

366 
390 
396 

400 

406 

4 10 

416 

420 

426 

4 30 

436 

4 0 

445 

450 

46 ■ 

460 

466 

470 

476 

4 HO 

485 

490 

495 

50 0 

505 

510 

616 

6^0 

526 

6 30 

S3 

640 

546 

560 

56 

560 

566 

570 

575 

580 

585 

590 

595 


306 

FORMAT ( • 

TLO 

* > 3K » 1 4F6. 3 ) 

310 

FORMA T( » 

ros 

* *3K» 14F6.3) 

316 

FORMA H • 

TFS 

M<< l4Fb. 3) 

320 

forma r t * 

r » ar 

• # 3<» l4Fb. 3) 


9 i 50 * -1 # 14 

A r ( K) = K*6. t 5 

HbRzH "->+ T ! AR( K) **2* TEL8( K ) * *2 
8-'.( K) =( 889*50 )0 , ) / 69 A T ( K > 

30! CON r [NOE 

*> IGF|_ T - 4 » * HAN 1 )* 5 f +■ Af L6 !V, *C )R0*E<Pr*RE 
lOARKzSORf ( 2 . * )* {DAR6*RAN0l 
|RF A0-6Q9 r < hand* Q» s r GFl. T I 
■ 11.940=6 JR T t 4 . * 8K * TF.MP*8AN0> /RL > 
lAM*->i_rS iR T ( ' 8 . * i» 1 1- 1 - r *8 ANO* 3* CS* * ? > /GMFr T**2 ) 

1 1 ) '4 0 I 6 Z 1 # I I ) 

i .GENE l K ) =5 JR T ( 8 '( K ) * P * ( fir* t . ) * HAND* 9* ) l GFl_ T*RE) 

• NO ISE( <> = ->98 r < /t_)A!)**?+ IAMPL* ' 2 + 'lOAR< * • 2* IRE40**p 1 *; 
4 (SCENE (*) * *2) 

rCAM{K)zrTA8<K»*ri6(K)*rE[8(K)* TEl_6( K) 
tSCEnEzi CR- l . ) / ( Co* i . ) 

TSYS< K> zTC4M< K) * TA\/A( K) 

SIGA^/Al K) -6 I GFL r * i cam: K> 

6 IGSYSl K» = -> IGF|_ T * rSYs( <,) 

SNR A IM ( K) =S r GA \/ A ( K) / INOISEl K) 

SNH< K) Z6lG r .YS( K) /INOfSF(K) 

TMA ( K ) zSNRl_/SNK4 l VI ( K ) 
r M( K l ZSNRL/SNR ( < 1 

*0:: CONTI-gNE 


‘•R lor 

620 # 

< T IS l I) # Izl # 14) 

-N (NT 

625# 

< TEL81 I) » IZt, 14) 

PR iNT 

630 # 

( TFI81 I) » 1 = 1# 14) 

* j r t n r 

680 # 

( TCAM( D » 1 = 1 » 14 ) 

PR TNT 

696. 

( TSYS( I) # Izl # 14 ) 

PR [NT 

70"# 

( 8 Hi n » i=i # i 4 ) 

PRINT 

702 # 

( TM A ( I) # Izl , 14) 

PRINT 

705 # 

l TM( [) # izl# 14) 

PR I N T 

715# 

( 6 NR ( I > # [zi ,14) 

•»R f N r 
PRINT* 

720. 

. * ♦ 

( SNR A [M { I) # [=1# 14) 

>h- [ 9 r 

72 # 

(SPAn n/ioon., I - 1 # 10 ) 

PR TNT 

726# 

(SIGSYSl n # [Zi , i n ) 

PR TNT 

730# 

(SIGAVM I) , [zi. In' 

PRINT 

736# 

(■iNotsei n # (=i,io) 

pR [ 4 T 

740 » 

( ’ (SCENE ( [) # 1 = 1 , 1 0 ! 

PR l NT * 

i * » 


RR [NT 

746# 

IRFAO 

pr (Nr 

780# 

JLOAO 

PRINT 

766# 

1 ) AMPL 

PRINT 

760# 

lOARK 

620 FORMA T ( * CIS *,3<#l4Fb.3) 

626 FORMAT ( ’ T EL 8 *#3<#14F6.3> 

6.30 FORMAT ( f TE [8 *»3<#14F 0 .3> 

680 FORMAT 

{ * TC AM ' » 5<# l4Fb. 3 ) 
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6 Oil 
605 
610 
615 
620 
625 
6 50 
6 55 
640 
645 
650 
655 

5 • >(! 
6 ; .5 
670 

6 75 
680 


IRWATT 


LOOM' 

1005 

1006 
1010 
1015 
1 020 
1021 
1022 
.1025 
10 30 
1035 

1040 
1045 
1050 
1066 
1060 
1065 
1070 
10 71 
1072 
10 73 
10 74 
10 75 
1076 
1080 
1085 
1090 
1095 


695 

FORMAT 

( 

* rsrs » 

* 3 X * 1 4Fo. 3 ) 

700 

FORMA r 

( 

* bb » 

* 3 X * 1 4 F 6 « 3 ) 

702 

FORMA T( 

0 

TMA * * 

3 X * l 4F6 « 3 ) 

705 

FORMA T 

{ 

9 TM 9 

* 3X* l4Fr*. 3 ) 

715 

FORMAT 

( 

’ SNR 9 

»3<» 14F6. 1 ) 

720 

format 

( 

* SNR AIM 9 

3 X * 14F6. 1 ) 

722 

FORMAT! 

t 

SPAT •» 

t X* 10 19) 

725 

FORMAT 

( 

9 SIGS/S* 

» 3 < * 10E9. 31 

7 30 

format 

( 

9 SlGAi/t 9 

* 3K* 10E9. 3) 

7 35 

F 9 i'M A T 

( 

9 ONOISE 9 

* 3<* 10E9. .3) 

74 0 

FORMAT 

{ 

9 ; (SCENE 9 

» 3 < » 1 0 E + . 3 ) 

745 

FORMAT ( 

• 

READ NOISE - 9 *E10.2» 9 AMPS 9 ) 

750 

FORM A T ( 

1 

T HERMAL 

NO ISF =’»E10.2» 9 AMPS 9 ) 

75 > 

FORMA Tf 

? 

FEf SNOT 

NOISE = 9 » El 0.2* 9 AMPS’ ) 

760 

FORMA T ( 

1 

DARK CNR 1ENT - 9 * El 0.2* 9 AMi J S») 


■ 5 r op 

END 


SUBROUTINE LIST 


SUBROUTINE IRtfATHPA* Alt R A * FNUM) 

DIMENSION RS20(14)p RSIR<14>» AJUP(14)* RFIB(14>» A/Ai/t(l4) 

DIMENSION ALB<9) * AUJ(9) 

COMMON CURD* FLUX* RESP 
TL~. 6 

10 RE AO ( 5* * * PROMPT — ’ BOOf NUMBER : 9 )T 

DATA ALB/1. *.92 *.85 *.49*. 26 *.61*. 42*. 42*. 14/ 

DATA AU J/5. 2 * 5. 2 » 5. 2 * 5 • 2* 5 . 2 * 9. 54 * 19. 18* 30 . 1 * 39.44/ 

520 P- . 0626 
SI ROT, 2006 

DATA 9620 / .14* .68* .96* .952* .791 * .645* .501* .356* .211’% 

.085* .019* .001* .001* .001/ 

Data 9S 19/. 256 * .545* . 712* l.» .968* .659* .831* . 75 3* . 662 . % 

.615* .652* .493* .4+3* .416/ 

DATA AJ'lP/ .25* .31* .36* .42* .5* .5* .49* .49* .47* .4-i*’*> 

. 39 * . 34 * . 3 . 1 * . 32/ 

DATA 9FTB/ .001* .36* .71* .8 * .8* .8* .8* .8* .8* .8* .6*^ 

.8* .8 *.8/ 

r f < T.E i. 1 . > oo ro i5n 

00 10 K-l.1,4 

AJUP(K)~1. 

Ill - CONTINUE 

150 CON r IN it 

00 200 K- 1*14 

Af A v/ E ( K) -250 , + K*50 • 

5MMI=S IMI + 9S 19( K) * AJ* JP( K) *9FIB( K) *9S20 ( K) * ALB( r ) 

S IMF-S IMF + 96 19 ( K) *AJUP{ <) *9F IB( K) * ALB ( r > 

200 CONTINUE 
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1100 

CONS=(SIRP*TL*COS( A I ) *COS ( RA> ) / { 4. 

1105 

CURD=S20P*CONS*SUMl*50n, 

1110 

FI_UX=CONS*SUMF*50U 

• 

1115 

RESP=CURO/FLUX 


1120 

PRINT*** * 


1125 

PRINT*** * 


1130 

PRINT 635* < WAVE! I> 

* 1=1*14) 

1135 

PRINT 640* ( RS20 ( I) 

» 1=1*14) 

1140 

PRINT 645* ( RS IR ( I) 

* 1 = 1*14) 

1145 

PRINT*** * 


1 150 

PRINT 80 >* CORO 


1155 

print 805* flux 


1160 

PRINT 810* RESP 


1165 

635 FORMAT!* WAVE 

♦ *3X» 1416) 

1170 

640 FORMAT!* RS20 

♦ * 3<»14F6.3) 

1175 

645 FORMAT! * RS IR 

’ *3X* 14F6.3) 

1180 

800 FORMAT!* CURRENT OENS ITT: * * El 

1185 

80S FORMAT! » F|_UX = 

♦ * E10.2* * WAT T/S 

1190 

810 FORMAT!* RESPONSIVI TT = *»E10.2 

1195 

RET JRN 


1200 

END 



If* AMPS/5Q. METER* ) 
1ETER* ) 

AMPS/WAF r* ) 


MTFAVA SUBROUTINE LIST 


10UO 

1005 

1010 

1015 

1020 

1021 

1025 

1030 

1035 

1040 

1045 

1050 

1055 

1055 

1060 

1065 

1 066 

1067 

1068 

1 069 

1070 
1075 
1080 
1085 


S16R0UTINE MTFAVA! FNUM* SPIN* EXPT* FOC* CP) 

DIMENSION T5CENE(14)* SPAT! 14) » TLEN(14)» TMOM14)* GR! 14) 

COMMON OuM < 3 ) » T Av A ( 14 ) 
ivAvE=5 >0 . E-9 

10 REA0!5***PR0MPT=* ALTITUOE (RJ) J.*)RJ 

READ ! 5* * * PROMPT = * IMC? rES=l* N0=0 ») COMP 

ALr=(RJ*71.4E6)-7l.4E6 

DO 25? K=1 * 14 

rSCENE(K) =( CR-1. ) /( CR+1. I 

SPAT<K)rK*5.E3 

8=< 3. t4 16) / ( FNUM* WAVE) 

TLEN( K) =!2./3. 1416) *( ARCOS(SPAT(K) /8) - < SPAT ( K) /8) ** 

SORT! 1.0-(SPAT(K)/8)**2) 

IF! COMP. EQ. 1) GO TO 90 

SMEAR: (2. *3. 1416*SPIN*EXPT*FOC/60. ) 

ANG=( 2.*3.14l6*SPIN*EXPT*l.E6)/60. 

GO TO 95 

90 SMEAR- ( .2*3. 1416*SPIN*E<PT*FOC/60 . ) 

ANG=( .2*3. l416*SPtN*EXPT*l.Et>> /60. 

95 CON T INI IE 
GRS=ALT* ANG*1 . E-6 
IF(GRS.EQ.O) GO TO 100 
PI<=ALT/(F0C*GRS*2. ) 

10O CONTINUE 
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inqn 

mqs 

1 5.n>j 

1 ■ os 
1 1-1 
i s 
1 2'1 
1 95 
\ v> 
l i 35 

I ! 41) 

II 46 
1 ISO 
1 ! 55 
1 16(1 
1 166 
l i 70 
1 i. 75 
l 180 
1 ’86 
l 90 
l • 96 
1 70 • 

1 P0'-> 
1710 
19! S 
19 5) 
12 6 
1230 
12 35 

1240 

1245 

1250 

1255 

1260 

1265 


6R< «) =ALT/! FOC*SPAT( K) *2. 1 
IF (SMEAR. EQ.O) GO TO 249 
ftK=SP4 T ( K ) *SMEAR 
IF (AK.GE.i.O) GO TO 250 

I MOT ( K) = < SIN! 3. 14 16* SMEAR* SPAT ( K) ) ) / ( 3. 14 1 6*SMEAR*SPA r ( K ) > 

GO TO 251 

249 rMor(K)=i.n 

GO ro 251 

260 TMOHMr.Oni 

251 CONTINUE 

TA\/A( K) =TSCENE( K> * TLEN ( K) * TMOT( K) 

252 CONTINiJE 
PRINT 690 . SMEAR 
PRINT 692. GRS 
PRINT 696»PIX/I<)n i. 

( J RINT 695. ANG 
PRINT*.* ' 

PRINT 650 # ( GR ( I). 1-1.14) 

PRINT 660. < SPAT ( I) /l 000. . 1 = 1. 14) 

PRINT 665. ! TLEN! I) » l=t» 14) 

PRINT 670. ( TMOTl l) . 1=1. 14) 

PRINT 675. ( TSCENE! I) . I=l» 14) 

PRINT 680. ( TAVAI I) . 1 = 1. 14) 

650 FORMAT!* GR RES* .3<. 1416) 

660 FORMAT I* SPAT *»t<»1416) 

565 FORMAT (* TLEN « » 3X» 1 4F6. 3) 

6 7!) FORMAT (» TMQ T * . 3 X . 1 4 F6 . 3 ) 

6 75 POKMftTt* TSCENE* . 3X. 14F6.3) 

680 FORMAT ( * TAVA *.3X.14F6,3) 

690 F ORMA T ( * SMEAR( IMAGE PLANE ) =* . El 0 . 2 »* METER * ) 

692 FORMAT!* SMEAR ( GROUND >=*. El 0 . 2 .* METER * > 

695 FORMAT!* ANGULAR SMEAR =*.F6.1.* M ICRORAOIANS* > 

696 FORMAT! * SPATIAL FREQ. EGUtv/. TO 1 PIXEL SMEAR =»»* 

16. * LP/MM* ) 

return 

ENO 
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B. 3.2.1 


SITV Line Description 


LINE 


100-105 


110-140 


145-170 


175-200 


205-215 


220-280 


Prints out the identity of the camera model and 
any distinguishing features. 

Type and dimension statements for the variables and 
arrays used in the program. 

A list of the input data constants used in the 
signal-to-noise ratio calculations. MTF values for 
the image section (TIS) , the electron beam (TELB) , 
and fiber optics faceplate (TPIB) are given. 

These statements prompt for the input variables 
including the exposure, spin rate, phase angle, 
incidence angle, reflection angle, focal length, 
f number, contrast ratio, and video bandwidth. 
Calculates the phase angle, the angle of incidence, 
and the reflection angle in radians from input 
values which are In degrees. 

Initializes input data and constants such as: electron 

charge, the target gain, the beam diameter, the read- 
out efficiency, the temperature, Boltzmann’s constant, 
FET leakage current and trans conductance , the shunt 
capacitance, and load resistance. The limiting SNR is 
initialized for threshold modulation calculations. 
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LINE 


285-290 

295-305 


308-312 


315-350 


355 


380 


385-400 


Subroutines IRWATT and MTFAVA are called. 

Input data constants for the target MTF values 
are given. The target MTF components, consisting 
of the MTF due to the finite diode spacing (TDS), 
the MTF due to lateral hole diffusion (TLD) , and the 
MTF caused by scanning the electrostatic surface 
(TFS) are given as a function of spatial frequency. 

The total target MTF (TTAR) Is calculated for each 
value of SPAT (K) by combining the three target MTF 
components . 

Values for TLD, TDS, TFS, and TTAR are printed for 
each spatial frequency. 

Entry point to the DO loop 300 in which lines 355 to 
375 are cycled 14 times. The spatial frequency is 
cycled from 5 lp/.mm to 70 lp/mm in increments of 
5 lp/mm. The noise bandwidth correction factor, BB(K) , 
is calculated as a function of spatial frequency. 
Calculates the flat field signal. For this term 
the system response (t (K)) is assumed to be eaual to one 

5 * 

Calculates the noise terms due to read beam shot noise 
(UREAD) , the dark current shot noise (UDARK) , the 
preamplifier thermal noise (ULOAD) , and the pre- 
amplifier FET shot noise (UAMPL) . 
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LINE 


405 


410 


415-420 


425-435 


440-445 


450-455 


460-465 


Entry point to the DO loop 400 in which lines 
405 to 470 are cycled 10 times. This varies 
the spatial frequency in 5 lp/mm increments over 
the range 5 to 50 lp/mm. 

The quantum (image) noise term (USCENE) is calculated 
for each spatial frequency (SPAT). 

The RMS noise (UN0ISE) is calculated for each 
spatial frequency. 

The MTF of the camera (TCAM) is calculated at 

each spatial frequency. The input modulation (TSCENE) , 

and system MTE (TSYS) are also determined. 

The signal terms are determined for the range of 
spatial frequencies. The system signal term (SIGSYS) 
is calculated using the system MTF (TSYS), whereas 
S1GAVA is computed using only the camera MTF (TCAM). 

The signal-to-noise ratio expressions are calculated 
for the range of spatial frequencies. SNRAIM is 
determined using SIGAVA while SNRSYS employs SIGSYS. 

The threshold modulation expressions (TM and TMA) 
are calculated for the range of spatial frequencies. 

TMA is used in plotting AIM curves. It is determined 
by taking the ratio of SNRL/SNRAVA(K) , where SNRL is 
the threshold signal-to-noise ratio (assumed to be 3.) 
TM is the threshold modulation (using the system MTF) 
determined by taking SNRL/SNRSYS (K) . 
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LINE 


475-575 


These lines control the output data. They 
instruct the computer to print out 14 values 
of TIS, TELB, TFIB, TCAM, TSYS, BB, TMA, TM, 

SNR and SNRAIM for spatial frequencies 5 to 
70 lp/mm. Ten values of SPAT, SIGSYS, SIGAVA, 

UNOISE and USCENE are printed for 5 to 50 lp/mm. 
UREAD, ULOAD, UAMPL and UDARK are also printed. 
580-670 These are the format statements that control the 

print statements. 

675-680 Stop command and end of program. 

R3.2.2 IRWATT Subroutine Line. Description - IRWATT is a subroutine 

used for camera systems containing photoemissive cathodes to calculate 
the input flux in the image plane, the current density, and the photocathode 
responsivity. 

LINE 1000 Subroutine name and dummy arguments. 

1005-1010 Dimension and common statements for variables 
and arrays . 

1015 Initializes the lens transmission (TL) . 
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LINE 


1020 This statement prompts for a body number (T) 

which corresponds to the planet or satellite 
of interest. The body number code used is: 


1021-1070 


Body Number Object 

1 Jupiter 

2 Io 

3 Europa 

4 Ganymede 

5 Callisto 

6 Saturn 

7 Uranus 

8 Neptune 

9 Pluto 
Initializes input data and constants such as the 
sun-planet distance in astronomical units (AUJ(T)), 
and the albedo {ALB(,T)J of the selected object. 

Values for the input flux, detector spectral response, 
and fiber optics faceplate transmission are given for 
different wavelengths ranging from 300 to 950 nm. 
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LINE 


1076 


1080 


1085-1090 


1100-1115 


1130-1190 


1195-1200 


Line 1076 is the entry point of DO loop 200 in 
which lines 1080 to 1095 are cycled 14 times. On 
each cycle of the loop the variable. K is incremented 
until it equals 14. 

The wavelength (WAVE) is established from 300 run 
to 950 nm in 50 nm steps as the program loops. 

The integral product of terms required to calculate 
the current density (CURD) and flux at the photo- 
cathode (FLUX) are formed. On each cycle of the DO 
loop the terms (/n^W^t^P^d! and /W^P^dX) 
are calculated for a specific wavelength interval and 
added onto the accumulated sums SUMI and SUMF. 

The current density (CURD) , input flux at the 
photocathode (FLUX) , and detector responsivity 
(RESP) are calculated for use in the main program. 

These lines control the printing of the output data. 

They cause the outputs WAVE, RS20 and RSIR to be 
printed for wavelengths between 300 and 950 nm. The terms 
CURD, FLUX, and RESP are also printed as directed 
by the format statements. 

Returns control to the main program and ends the 
subroutine. 
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B.3.2.3 


MTFAVA Subroutine Line Description - MTFAVA calculates the 


available aerial image modulation (TAVA) . This term represents the available 
aerial image modulation incident on the faceplate of the camera system. It 
consists of the product of the image modulation due to contrast, the MTF 
due to image motion, and MTF of the lens assembly. TAVA is useful in plotting 
AIM curves. 


LINE 1000 

1020 


1021 


1025 

1030 

1035 

1050 


Subroutine name and dummy argument. 

This line prompts for the altitude in units of 
the planet radius. The altitude is later used 
to convert spatial frequencies to ground resolution. 

This line prompts for a reply indicating whether or 
not image -motion compensation is to be applied. 

By typing a "1", 90% -effective -image -motion compen- 
sation will be applied. A "0" response will result 
in no IMC. 

The altitude (ALT) is determined. 

DO loop 252 loops through line 1145 incrementing K 
and establishes 14 values for the spatial frequency. 
Calculates the input modulation due to the image contrast 
(TSCENE) . 

Calculates the MTF for a diffraction- limited lens 
(TLEN) as a function of spatial frequency. 
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LINE 


1060-1090 


1105-1135 


1140 


1150-1255 


1195-1200 


This group of statements calculates the image plane 
smear (SMEAR) , angular smear (ANG) , the ground 
smear (GRS) , the ground resolution per pixel (GR) 
equivalent to the spatial frequency, and the spatial 
frequency equivalent to one pixel smear (PIX) . 

Calculates the MTF due to image motion (TMOT) as 
a function of spatial frequency. Several IF and 
GO TO statements are used to test the value of TMOT 
to insure that division by zero will not later result. 

If TMOT equals zero, it will be set to .001 for 
future computations. 

Calculates the available aerial image modulation expression 
(TAVA) for spatial frequencies 5 lp/mm to 70 lp/mm. 

These print and format statements control the output 
data. The outputs GR, SPAT, TLEN , TMOT, TSCENE and 
TAVA are printed for spatial frequencies 5 lp/mm to 
70 lp/mm. SMEAR, GRS, PIX and ANG are also printed. 

Returns control to the main program and ends the 
subroutine. 
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B.3. 3 


SIT VIDICON INPUT/OUTPUT FORMAT 


The input/output format for the SIT vidicon program is typical of 
all of the camera models. An example of the SITV program output is shown 
in Figure b~4. 


During program execution, the program will prompt for inputs 
representing a number of mission variables as shown below. Underlined 


values are typed in using the keyboard. 

srrv 

ANALYTICAL MODEL OF Sir VIDICON CAMERA 
WITH ELECTROSTATIC IMAGE SECTION 

EXPOSURE* SEC) ► SPIN RATE* RPM) » BANOWIDTH 1 ,0005 2, 1300. 

FOCAL LENGTH* Ml * F NUMBER* CONTRAST RATIO t .4 4. 1,3 

PHASE ANGLE* INCIDENCE ANGLE* REFLECTION ANGLE (DEGREES) J60, 60, 0 

BODY NUMBER 5U 

altituoe *rj> 

IMC? YE$-1 * N0=01. 


The program continues execution and responses with the data listed 
in Figure B-4. Note that many of the program data arrays are displayed as 
well as the calculated parameters. This facilitates plotting the output 
data in various forms. 

In general, the output is arranged to present several arrays that 
vary as a function of wavelength. Wavelengths are taken at 50 nm intervals 
from 300 to 950 nm. Numerous arrays of data are also presented as a function 
of spatial frequency and ground resolution. Signal-to-noise ratios, MTF data, 
and threshold modulations are generally given for spatial frequencies ranging 
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st rv 

ANALYTICAL MODEL OF StT V ID ICON CAMERA 

with electro ,tatic [made section 

£<PDSNHE( SEC) * S^tN RAfElRi'v))* HANO'HDTH * .0005 2» 1,500 » 

FOCAL LENGTHIM)» F N’HOEH* CONTRAST RATIO l .*4 A. 1 . 

PHASE ANGLE* INCIDENCE ANGLE* REFLECTION ANGLE t DEGREES I 1 60. 60 ♦ 0 

hoot nimger u. 


wave .500 5S0 4fM 450 GOO 550 GOO 550 700 750 60!) 850 

HS20 .140 .580 .Poll .952 .791 .545 .501 ..556 .211 .085 .019 .001 

PGH . ?56 .845 .71? 1.000 .968 .859 .651 . 753 .582 .61* .552 .493 

OJK ENT DENS I T Y = .15E-02 Amps/ SO. METER 

FLIC .51E-01 vArr/59. METES 
res»on; ivi rv= .vie-oi amps/ watt 
altitnoe (Rjl :4_. 

IMC^ TES=1* NO-OK 

SMEAR! image »LANE> - . 4?F-05METER 

SMFAR ( SRONNOl = . 22 E *■ 0 4 MF T ER 

SPATIAL FRED. EO’ItV. TO 1 ‘T<H SMEAR = 1 1 9LP/MM 

ANG JLAR SMEAR = 10,5 M ICROR AO l ANS 


GR RES ♦ 

53660 

26778 

1 7860 

1 3 367 

10710 

8925 

7650 

6693 

5960 

5355 

4866 4462 

Spa r 

S 

10 

15 

20 

26 

30 

35 

40 

45 

50 

58 60 • 

TLEN 

.0^6 

.901 

*98 7 

.962 

• 9 78 

.973 

.969 

.964 

. 960 

. 985 

.951 .947 

T'A or 

. ppo 

.9 >7 

.9^4 

.986 

.982 

.974 

.965 

.954 

.943 

.929 

o918 .899 

TSCENE 

. 130 

. 1 30 

.1 30 

. 1 30 

.130 

.130 

.130 

.130 

. 1 30 

.130 

♦130 .130 

TA \f\ 

. 1 30 

. 129 

.128 

.127 

v. 128 

.124 

. 122 

.120 

.118 

• 1 1 6 

.113 .in 

TLO 

. . Q 80 

.92 6 

.861 

.7 72 

. 704 

.640 

.690 

.850 

.510 

.470 

.001 .001 

rns 

• 9°0 

.958 

.908 

.84 0 

.757 

.662 

.568 

. 4 60 

. 34 1 

.234 

.133 ,04? 

TPS 

.411 

.835 

. 764 

a 702 

.648 

.599 

. 555 

.616 

*481 

.450 

.422 . 396 

T7AP 

. 884 

. 739 

.690 

.465 

. 345 

.254 

*183 

.128 

.084 

.049 

♦ OOn Don 

T IS 

.980 

.90^ 

. 790 

. 660 

.510 

.360 

.220 

.080 

.o?U 

.mo 

*001 .001 

tplm 

. 9HO 

. 96 5 

*940 

.90 6 

.856 

. 780 

.720 

. 66 n 

.610 

.560 

.620 .460 

TF[0 

.996 

.080 

.960 

.900 

. .830 

. 760 

.6 70 

.620 

.640 

.600 

.450 .400 

rc am 

.846 

. 629 

.416 

.241 

at25 

. 063 

.019 

.0)14 

.000 

.0 no 

0. 0. 

TSrS 

. no 

.0 81 

.063 

.031 

.016 

♦ 00 7 

.0 02 

.001 

• 00o 

.000 

0. 0. 

RM 

. 780 

. 629 

. 622 

. 4 54 

• 366 

.310 

.269 

.236 

.210 

..189 

. 1 72 .158 

IMA- 

.. 0 34 

.0 39 

.0 49 

.0 70 

.113 

.226 

.540 

2.2 04**4 ♦:* «w f 

♦ N. > A 


T M 

.265 

.301 

.380 

.562 

.905 

1.827 

4.42718.361 

<!*>'* M V 

t + « ^ f 


SN9 

11.3 

in.o 

7.9 

6.4 

3.3 

1.6 

.7 

.2 

*n 

.0 

0. 0. 

SNR A 1 M 

87.2 

7 7.4 

61 . 7 

4? .9 

26.5 

13.3 

8.6 

1.4 

.0 

.0 

0. 0. 

SPAT 

i 

6 

10 

15 


20 

28 

r .30 

38 

40 

SIGS^S 

. 24 7E' 

-119 .165E-H9 

.120E- 

09 .5H9E-10 

.353E- 

10 .149E-10 

• 6 34 

11 • 1 1 3E-1 l 

SIGA7E 

. 191 E 

-')6 .142E-0B 

* 940 E- 

09 .541 £-09 

.282 E- 

09 .12 IE-09 

.4 VJE- 

10 .944E-11 

UN01SE 

.2 IRE 

-10 .165E-10 

. 162E- 

10 .127E-10 

. 10 7E- 

in ,90 'E-n 

. 7 8 *E- 

It .693E-U 

USC^NE 

. 2 1 6 E 

-10 .1' 

83E- 1 0 

.162E- 

in .125E-10 

• 1 06E™ 

in . •■)!> 5 *f— > t 

. 7n2E- 

l- 1 .68«)E— 1 1 

R£\n NOT 

SE - 

•69E-12 AMPS 










*2r"%r'w'e% SITV PROGRAM INPUT/OUTPUT FORMAT 

DAPK OltHF.NT S .65E-12 AMPS 
ship 


900 95 0 NM 

•001 *on i 

.443 • 4 1 6 


tfU9 3825 KM/P IX 
65 70 LP/MM 

.942 -938 3 

.6*2 .864 

.130 .130 

.108 .106 
.001 * Oil 1 

.1)01 .001 

.373 .365 

.ooo .non 

.001 . On 1 

.410 .360 

.360 .300, 

0 . 0 . 

0 . 0 . 

.146 .136 


0 . 0 . 

0 . 0 . 


45 

50 

LP/MM 

. 754E-14 

. 362E-14 • 

AMPS 

.622E-13 

. 31 3E-13 

AMPS 

.619E-1 1 

.659E-U 

AMPS 

. 61 1 E- t 1 

.5 .OE-11 

AMPS 


FIGURE B-4 



from 5 to 70 lp/mm. The output signal and several spatial-frequency-dependent 
noise terms are also printed in array form. 

A number of parameters of interest are displayed and identified, 
however not all of the program constants are listed. These can be displayed 
if required by using the system "SHOW" command for the specific computer used. 

Although only the most important mission variables are prompted as 
input, we may wish to vary other parameters as well. This may be achieved 
by using the computer system command features, or rewriting the statements 
that require modifications. 

B.4 LISTING OF COMPUTER PROGRAMS 

A symbolic listing of the candidate camera system main programs 
and subroutines is presented in this section (excluding those already 
listed) . 
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3.4.1 SECV PROGRAM LIST - ELECTROSTATIC FOCUS 


1 0 
n , 
120 
1 9s 
1 V t 
1 

1 4U 

14S 
1 5 1 
l s 
I 

1 08 
I 70 
1 7 6 
l 80 

1 05 
1.90 
\ 96 
> ! . . 
206 
210 
21 6 
9 0 

•> s 

/ Vi 

24:"- 

?40 

9sn 
Poo 
?<•.)) 
?nS 
9 7 0 

2 75 

9 on 
>86 
>•911 
995 
<! 
vis 

VI I 
' 1 6 
*• -•' I 
49-. 
4 Ml 

4 > 
44') 
44 S 
.4 SO 
4 S’ 


pp IMf* ** ANALYTICAL model of sec vioicon camera * 

POINT ***A/irH S.JP-’RES ,0R MESH AND ELEC TRUST A T IC IMAGE SECT ION* 
DIMENSION SNR A IM ( 14) * SNR(14)* TM!14)* FCAM(14) 

DIMENSION rsrS(14)» TtS(14)» TELB! LAW TFI8(14)» SPAT (14) 

DIMENSION HR ( 1 4 ) » OSCENE414)* ONOISEI 14> * SlGAv/A(t4) 

DIMENSION SIGSfSI 14) * TMA(14>* TIK14)* TMES(14) 

COMMON CORO* FLUX* RESP* TAv/A(14>» I TAR ( L4 ) 

>PAL I FF T 

DATA r IS/, 98* . D» . 79* .65* .SI * • 36* . 22 » . 08* .001 * . 0 s 1 * % 

'} * .Oil * . 0‘U * .0 1/ 

04 T A TFlB/ • 98* .965* .94, .905* .856* .78*. 79* .6^» .61* .56*% 

.62* .46* .41 *. 36/ 

DATA TF IB/« 995* . 98 » . 95 * . 9* . 84* . 75 * . 67 * . 62 * . 54 * . 5 * . 45 * % 

. 4 * . 45* . 5/ 

DATA r I I/. 87* .7* .66* .4* .29* . 21 * .16* .12* .08* . Ot>* .05* . 04 * .04* .02/ 
OAT A | MFS/ . 99* .97* .937* .889* .846* .771 * . 702* .629* .557 * .48o*% 

.41 7* .354* .295* .244/ 

10 9FA0! 6* ** PROMP T=* EXPOSURE! SEC) * SP IN -MfE(RPM)* % 

HANOV IDIH : * ) EXP I » SP IN* BAND 

2ft READ! 5* ** PROMPIz* FOCAL LENGTH! M) * F NIM8EB* CONTRAST % 

RATIO J *) FOC* FNOM* CP 

40 READ! 5* *♦ PROMPT-* PHASE ANGLE* INCIDENCE A JGLt * % 

REFLECT ION ANGLE ( DEGREES) J' ) PAD* A ID* RAD 

40 READ! 5* * * PROMP T=* IN TENS IF TER S T AGE? /£S = l.» NO-0 JMSTAGE 

o A-P AO/5 7 . 2958 

A r-Ain/57.2958 

O A = > AO/5 7. 2958 

0-1 . 602E- l 9 

GI=42. 

GT=70. 

PF.r.8 

0=20. E- 6 

AEl- M r (3, 1416/4. ) *0* + 2 
TEMP=300, 

8K=1 » 38E-23 
PL=2.E8 
IFE T=7 » E-3 
GMF E T = 1 4 • 4E- 3 
<~N= 45. E-12 • 

r i - 1 n.E-6 
SNPL-l 0. 

CALI. IR^AT f ( PA* A[*RA*FNUM) 

CALI MTFAV A ( FN'JM* SPIN* EXPT* FOC* CR) 

CAL' x/TAHiri) 

00 300 K=1*14 
SPAT ( K ) -K*5 » E3 

009=089+ T T AR (K> **2* T ELfl! K) 2* J MES < K ) **2 
RO (•<)={ BOP* 6000. ) /SPAT! K ) 

IF( STAGE) 250*250* 300 
260 G I = 1 . 

T t . ( K ) = 1 . 

420 CONTIN IE 
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360 

3 7 ' 
37S 
38n 
38S 
3^0 
39^ 

4) 

*l'> 

4] ^ 
4?0 
42*3 
430 

4.3*, 

4 4 i I 

* s 

4Sf) 
4 V' 
4f>il 

+65 

474 

460 

485 

490 

495 

500 

505 

510 

515 

520 

525 

530 

535 

540 

545 

550 

555 

560 

565 

570 

575 

560 

565 

590 

596 

600 

605 

610 


30 < CONTINOE 

5 IGFLT=4. *BANO*GI*GT*AELEM*C'JRO*E<PT*RE 
WEAO=SQRT ( 6AND*0*SIGFI_T> 

JLOAO=SQRT( < 4.*BK*TEMP*BAN0) /Rl_) 

iAMPL=60RT( < 8.*Q* IFET*BAN0**3*CS**2) /GMFET**2> 

00 400 K=l*l4 

ISCFNE ( K> =SQRT( Bfi( K) **2* ( GT+l . ) *8AND*N*SlGFLT*RE*Gt) 
INOISE(K) =SNRT< tL9AD**2+UAMPL**2 + l )REA0**2% 

4 i r >CENE( K) **2' 

tcam(k) =ttari ki * r ist ki * tfib( k> * telb( k> *tmes( k) * n i ( k) 

TSCENE=(CR-l.)/<CR+l.> 
rsrs( k) = tcam< <> * r a \/ a ( k> 

SIGAv/A< K) =SIGFl_T*TCAM(K) 

SIGS^St K> -5 r gflt* TSYS< K) 

5NRAIM( K> =S IGA\/A( K) /ONOISE(K) " 

SNR( K) =SIG5YS< K) / 1N0ISE( K) 

TMA(K) =SNRL/6NRA IM ( K ) 

TM( K) =SNRL/SNR( K) 

40' 1 CONTIN'JE 

,J R in t 62 0 # ( T I S ( I ) *1=1*14) 

•‘PINT 625* < TELHt T> * 1=1*14) 
ppTNT 6.30 • ( TF I B( U *1=1*14) 

PRINT 635 » ( TMES (I) *1 = 1*14) 

PRINT 640, ( r I r ( U » [-1 * 1 4) 

PR IMF 660* ( fCAM{ I) » I-l » 1 4) 

PRINT 695*( r ,f{ I) , T = 1 , 1 4 ) 

PRINT 700. (RR( I) * I = l»l4> 

PRINT 702. ( TMA( I) * 1=1 . 14 ) 

PRINT 705* ( TM( T> , 1=1 *14) 

PRINT 715* { SNR ( l) » 1 = 1 . 14) 

PRINT 720* ( SNRAIM( t ) » 1=1, 14 ) 

PRINT 722* < SPAT ( I) /1000. * 1=1 *101 
PRINT 725*<SIGSTS< I) * 1 = 1, AO) 

PRINT 730* < SIGAv/AI I) * [ = 1* 10) 

PRINT 735. PJN0tS£( I> » I=l» 10) 

PRINT 740* ( ■ ISCENF < It , 1 = 1 , 10 ) 

PR TNT**’ * 

PRINT 745.0REA) 

PRINT 750* ' JLOAO 
PRINT 755. OAMPL 
620 FORMAT!* TIS * * 5 < . 1 4F6 . 3) 

625 FORMAT!* TELR * * 3K* 14F6. 3) 

630 FORMAT* * TFIR * ♦ 3* . 1 4F6. 3 ) 

8 35 FORMAT ( » TMF r , * . 3 * » 1 4F6 . 3> 

640 FORMAT!* Til * » 5 < » 1 4F6 . 3 ) 

660 FORMAT l* TC AM * . 3 < . 1 4F6, 3 ) 

695 FORMAT !' TSr , * * 3 < * 14F6 • 3 ) 

700 FORMAT (* 6R *.3<*14F6,3) 

70? FORMAT ( * TMA • »3X*14F6.3) 

705 FORMAT (* TM *»3X*14F6,3) 

715 FORMAT <• SNR *»3<*14F6.1) 
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510 

702 

FORMAN 

9 

TMA » # 3X# 14F6.3) 

615 

705 

FOPMAT 

( 

* TM * # 3X» 14F6.3) 

620 

715 

FORMAT 

( 

* SNR *#3X»14F6.1) 

625 

720 

FOPMAT 

( 

' SNRAIM* 3X» 14F6„ 1 ) 

630 

72? 

FORMAT! 

t 

SPAT '»IX#10I9> 

635 

725 

FORMAT 

( 

* SIGSrS’ »3X# 10E9.3) 

640 

730 

FOPMAT 

( 

* SIGAv/E' .3X# 10E9.3) 

645 

735 

FORMAT 

( 

* ONOISE* #3X# 10E9. 3) 

580 

740 

FOPMAT 

( 

•» DSCENE* »3X# 10E9.3) 

655 

745 

FORMAT! 

1 

RE AO NOISE ='»E10.?#' AMPS*) 

660 

746 

FORMA T ( 

f 

DIELECTRIC NOISE = ' # El 0 . 2 # * AMPS*) 

655 

750 

FORMAT ( 

f 

THERMAL NOISE =».E10.2»» AMPS') 

670 

75 

FORMAT! 

1 

FET SHOT NOISE -* .El 0.2# * AMPS') 


575 STOP 

680 EN0 


B .4.2 SECY PROGRAM LIST - ELECTROMAGNETIC FOCUS 


l ' * 
\ H”> 
1 I 
1. 6 
» ">0 
I >■> 
l n 

i y, 
.141} 

I'V' 
' •><-. 

■ 7 il 

1 7- 
J 00 
1*5 
\ <1 
V-)', 
:>:} 

? is 
> ; 1 
?!'• 

2 Ml 
2 '8 
2 50 
2 3S 
240 
24S 
?S0 
,'S 
pr»<! 
?5S 


•’PINT*# • ANAl.n [CAL * >f>EL .OF SEC 710 ICON CAMERA 

P/ (NT*# ’ ELEC PC)* AG JE l fC POt IS ING « l THO* I r S IPPRES .0(1 ME vl» 

01 MENS I OS SS M M( I..4 i f SAN (14)# TM( 1.4) » TCAM( 14) 

DIMENSION f Si'S! 14W i I •( 14 l » TELB ( 14) #SPA* ( 14) 

DIMENSION Pit 14). JSCENE ( 14 ) » JNOrSEt 14) » SIGA 14 ) 

OIMENS TON ,IGS''.( 14) # PM A ( 14) » rfr(|. 4 )r TM£S< 14) 

COM -i-'lN C IPO. CU<» ;9£SP# "T A 1 / A (14 ) * r T AP ( 1 ,4 ) 

<EAL (PET 

DATA i l S/ . o J 5 # . 98b * .'47# . OS # . 04 » *91 . .87. » 82 * . 7S » • 6 75 * ft 
• 6 # • 5 25 » • 4 5 » . 0 7 / 

I A I A TElB/ . 95# . 955 » • 94 # . 905# * 85' v# . 78 # . 72-# • So » . ■ ■> l ► .‘V)»# 

. 52# . 4o » . 4 1 # . 55/ 

OAT A T I i/,87. .7* , 5 5 . .4»,29# .21* . 15» • 12* .08*. 05. .OS. .04. .0 5» . : ' 2 / 

0 A 1 A r ME 5/ 1 . . I . # I . • 1 . * 1 . » l . . t . # 1 . # L . # 1 . # % 

l.»l.»i.#t./ 

10 PEAOt 5. * . PROMPT-' E<P0S‘J9£< SEC) # SPIN RAl'E(RPM)# % 
bandwidth : * i KNor.sPTN.BAyo 

20" READ! 5* * » PROMPT:’ FOCAL LENGTH(M)# E NOMHER# CONTRAST % 

pa no : *i Eoc. Fi'H. cp 

so pEAOt 5. * . PpoMP T:* PHASE -ANGLE. INCIDENCE ANGLE#*. 

<FF' r EC r I'O’ii AMBLE ( OE .PEES) I ’ ) > J AD# A 1 0# R AO 

40 NEAr>(5#*#PR0MPr:» INTENSIFIED SI AGE? 7ES-1 . . 90-0 :* ) STAGE 
t'Ari’AO/57.2 458 
A I- A 10/5 7.2 058 
PA :0« 0/5 7. 2 J58 

0:1 ,5i)?E-io 

Gf-,52. 

GT: 7(1 . 

PE-.8 
0—20 . E-5 

AELEMr{ 5. 1415/4. ) H ) + >-2 
f EMI 5 - 50 I. 
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2 70 

2 76 
280 
288 
290 
298 
30 > 
308 
310 
318 
32n 
328 
330 

3 38 

340 

3a8 

380 

38 > 

380 

365 

370 

375 

380 

385 

390 

395 

400 

405 

410 

415 

420 

425 

430 

435 

440 

445 

450 

455 

460 

470 

475 

480 

485 

490 

495 

500 

505 

510 

515 

520 

525 


8K-1 . 38E-'23 
RL=2 « EB 
IFET=7. E-3 
GMFE f-l 3. 4£-3 
C c > = 35, E-12 
ri -1 O.E-6 
,NRL=10. 

CAIJ IRMr*l{ PA. AI» RA.FN'JM) 

CAL!. NIFA\/A( Ef\)i jm* SPIN. E*Pr, POC» CR) 

cal v/rA9(rn 

00 30.1 K=l,lu 
S* > A r ( «> =K*5. E3 

899=8 (P+ r ' AR ( K ) ** 2 * TELB( K ) * *2+ T^ES( K ) * * 2 
09< K) =( 809*500! .) /SPAR <) 

IF ( ^TAGE) 250 , 250 » 300 
250 M:l. 
r I ( K ) - l , 

320 CON T IN' JE 
300 CON r [NOE 

SIGFLT=4.*BAN0*GI*GT* AElEM*C'JRO*E><P T*RE 
iJREA0=SQRR8AN0*Q*SIGFLT) 

NLOAD-SQR T ( ( 4 . *6K* TEMP+BANO) /RL> 

OAMPL=SQRT( ( 8. *Q* I FET* BAND**3* CS**2 ) /GNFET**2) 

DO 400 K=1 , 14 

USCENE( K) =SQRT( 68(K)**2*( GT+1« ) *BAND*Q*SIGFLT*RE*GI) 

1 JNO ISE ( K) =SQRT( NL0A0**2 + IJAMPL**2 + NREAQ**2* 

+IJSCENE ( K) ** 2 ) 

TCAM(K)=rrAR(K)*TlS(K)*TELB(K) *TMES(K)*TIT(K) 
TSCENE=( CR-1 . )/(CR+l. ) 

TSYS( K) =TCAM( K) * TAVA( K) 

SIGAVA(K) =SIGFLT*TCAM(K) 

SIGSYSl K)=SIGFLT*TSY( K) 

SNRAIM(K) =SIGAVA< K) /UN0t-SE< K) 

SNR(K)=S IGSYS(K) /UN0IS£( K) 

TMA< K) =SNRL/SNRA iMt K) 

TM(K) =SNRL/SNR(K) 

400 CONTINNE 


PR 

IN T 

620. 

( TIS< I> , 1= 

1. 

14) 

PR 

INT 

625. 

( TELB( I) » I 

=1 

,14) 

PR 

INI 

635. 

( TMES ( I) , I 

= 1 

, 14) 

PRINT 

640. 

(TII{ I) , 1 = 

1. 

14) 

PR 

INT 

680. 

( TCAM( I) , I 

=1 

. 14) 

PR 

TNT 

695. 

( TSYS ( I) , I 

= 1 

» 14) 

PR 

INT 

700. 

(B8( I) , 1=1 

, 14) 

PR 

INT 

702. 

( TMA( I) , 1 = 

l. 

14) 

PR 

INT 

705. 

( TM( I) , 1 = 1 

, 14) 

PR 

INT 

715. 

<SNR( I) , 1 = 

1. 

14) 

PR 

INT 

720. 

(SNRAIW I) 

. I 

=1.14) 

PR 

INT 

722. 

( SPAT { n/1000.. 1=1,10) 

PR 

INT 

725, 

(SIGSYSt I) 

, I 

= 1,10) 

PR 

INT 

730. 

(SIGA\/A( I) 

» I 

= l» 10) 
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530 

535 

540 

545 

550 

555 

560 

565 

575 

580 

585 

590 

595 

600 

605 

610 

615 

620 

625 

630 

635 

640 

645 

650 

655 

660 

665 


PRINT 735* (NNOISE! 1) » 1=1 * 10) 

PRINT 740 * ( 'JSCENE! I ) * 1=1 * 10) 

PR INT* e ' * 

PRINT 745» > IREAD 
PRINT 750 » HLOAQ 
PRINT 755c NAMPL 

620 FORMAT ( 9 TIS '*3X*14F6.3» 

625 FORMAT ( e TELB «*.3Xel4F6.3> 

635 FORMAT ( * TMES ’ * 3X * 14F6. 3 ) 

640 FORMAT ! ' T 1 1 »c3Xcl4F6.3) 

680 FORMAT (' TC AM »*3X*14F6.3) 

695 FORMAT (» TSYS »*3Xel4F6.3) 

700 FORMAT !' BH »e3Xel4F6.3> 

702 FORMA T ( * TMA '*3X*14F6.3) 

705 FORMAT (' TM 'e3X*14F6.3) 

716 FORMAT (' SNR '*3X»14F6.1) 

720 FORMAT (' SNRA IM’ 3X* 14F6. 1 ) 

722 FORMAT ( * SPAT *c IX* 10 19) 

725 FORMAT ( * S IGSTS* * 3 X * 1 0E9. 3 ) 

730 FORMAT (' S I GAVE* » 3 X c 1 0E9. 3 ) 

735 FORMAT (' i JNO ISE’ * 3X * 10E9. 3 ) 

740 FORMAT ( » NSCENE' c 3X » 1 0 E9 . 3 > 

745 FORMAT ( ’ READ NOISE ='*E10.2*' AMPSM 
760 FORMA! (' THERMAL NOISE -»cEl0.2*’ AMPS’) 
755 FORMAT! ♦ FET SHOT NOISE = ♦ rElO.2*'- AMPS') 
STOP 
END 


B.4.3 ESC PROGRAM LIST - ELECTROSTATIC FOCUS 


100 

105 

110 

115 

120 

125 

130 

135 

140 

145 

150 

156 

160 

166 

170 

175 


PR INT** * ANALYTICAL MODEL OF THE ELECTROSTAI IC STORAGE CAMERA' 
DIMENSION SNR A I M ( 14 ) * SNR! 14)* IM(14)c TCAM(l4) 

DIMENSION TSXS(l4)c T IS! 14) . TELB! 14 > * TFIB(14)» SPAT (14) 

DIMENSION 8B( 14) » NSCENE(14)* UN0tSE<14)» SlGAVA(l4) 

0 IMENS ION SIGSTSI 14) » TMA( 14) 

COMMON C')RO» FLNX* RESP* TAVAI14)* riAR(l4) 


REAL Me IFET 

DATA I IS/ .98* .9* . 79* .65* , 51 e . 36* . 22 * • 08* 


001 * . 001 »% 


,001c .001c . 001 * .001/ 

DATA TFI8/.9P5* . 98 c . 95 * . 9 c . 83 ♦ . 75 c . 67 r . 62* . 54 c . 5 e . 45 c . 4 » . 35 * . 
10 READ! 5* *» PROMPT=» EXPOSURE! SEC) * SPIN RAI£(RPM)» $ 

BANDWIDTH :♦) EXPTcSPINc BAND 

20 READ! 5c * * PROMPTS' FOCAL LENGTH! M) * F NUMBER* CONTRAST % 


RATIO J *1 FOC» FNUMc CR 

30 READ! 5» ** PROMPT =• PHASE ANGLE* INCIDENCE ANGL£*% 
REFLECTION ANGLE (DEGREES) :’) PAD* AID* RAO 


3/ 
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tan 

185 
190 
195 
20 '! 
210 
215 
220 
2 7 5 
2 60 
2.55 
240 
245 
250 
255 
250 
2o5 

2 70 
275 
280 
285 
290 
295 
300 
305 
310 
315 
31 7 
318 
320 
325 

3 35 
340 
345 
350 
355 
380 
385 
370 
375 
380 
385 
390 
395 
400 
410 
415 
420 
425 
430 


PA=P4D/57.2958 

4I=A!0/57.2958 

RA=RAD/57.2958 

Az .5 

SETrt.1 


SEM=2.2 

H=SET+l. 

BEAM=3.3E-10 
Mr. 13 
Or20.E-6 

ABEAM=( 3.1416/4. )*0**2 

Q=1.602E-19 

GtrlOO. 

GM=l.E4 

FT= 1 . 


C=5.4E-9 
AELEMr ABEAM 
TEMP=300. 
BKrl . 38E-23 
RL=2.E8 


IFET=7.E-3 

GMFET=13«4E-3 


CS=20.E-12 

SNRL=10. 

CALL IRWATHPA* 4 I * RA» FNUM) 

CALL MTFAy/A ( FNUM» SPIN* EXPT* FOC* CR) 

CALL SDTAR 

DATA TELB/. 98* .965* ,94> .905* .855* . 78* . 72* .66* .61* .56*% 

• 52 1 .46* • 41 » . 36/ 

00 300 K=1»14 
S°AT ( K I r«*5. E3 

BBP=BBP+TTAR( K) **2* TELB ( K ) * *2 
BR( K) =(BGP*5000. ) /SPAF( K) 

300 CONTINUE 
UMULT=A*SET/( SEM-l. ) 

UREADz4**2*5ET* + 2 

ULOAO=SOR T M 4. *BK* TEMP*BANO) /RL) 

IJAMPL=50R T ( ( 8. *Q* IFET*BAND* *3*CS**2) /GMFE T**2 ) 

■JSEC = A**2* < H-SET) *SET 
UEAPrA* ( 1 . -A) *SET 

' J8E AM=SOR T ( 2. *GM* + 2*0* BE AM* HANU* ( • IMULT+UREAO+USEC+UEAP) ) 
' JCHARr ( M*SEf* BEAM/ ( C* 100 00 . * ABEAM ) t **2 
U ANAL~Q* BEAM* ( 1. + < H-2. ) *5ET ) /( 2.*BAN0) 

UOIEL=SQRT { ICHAR* UANAL* GM**2 ) 

UO' IAN T r ( Q* AELEM*G T * C' JRO* EXPT) 

00 400 «=1 r 14 


ISCENE( K ) “SOR I ( GM* + 2* ( BH ( K ) *♦ 2 ) * ( GT+l. ) * IQi JANT*t JCHAR ) 

S tGFLTz( GM*M*5ET*2.*BEAM*Gr*CUR0*E<' J r ) / { C* 10000. ) 

UNOISEt K) =SQRT ( ULO AO* *2+U AM^L* * 2+ JSCENE( K) **2*U0IEL**2+U8EAM* * 
TCAM(K)rrrAR(K)*ri5(K)*rFIB(K)* TELB! K) 
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435 

4H0 

445 

450 

455 

460 

465 

4 70 
475 
480 
482 
485 
490 
495 
500 
505 
510 
515 
520 
525 
530 
535 
540 
545 
560 
555 
560 
565 
570 

5 76 
580 
585 
590 
595 
600 
605 
615 
620 
625 
630 
635 
640 
645 
650 
65*'- 

rv;0 

6r>5 


TSC£NE=(CR-1 . )/(CR+l. > 

TSVS( K) =TCAM( K) * TAv/A! K) 

5tGA\/ft( K 1 -5 I GFLT* TCAM! K) 

5 I G5 Y S < K ) =SIGFLT*TSYS<K) 

5MRAIM( K) =8IGA\/ A ( K» /■ JNO ISE('K) 

TMA < K) =SNRL/SNR AIM! K) 

SNR(K) =SIGSYS(K) /NNOISE(K) 
fM( K ) FSNRL/SNR ( K ) 

40 0 CONTINUE 

PRINT 620 t < T IS! I) * 1=1* 14) 

PRINT 625» { TELB( H » I=l» 14) 

PRINT 630» ( TFI8( I) » I=l» 14) 

PRINT 680 » ( TCAM! I)»I=1»14) 

PRINT 695* ( TSYS! I) ♦ 1 = 1 * 14) 

PRINT 790* <88! I) » 1=1* 14) 

PRINT 702* ( T M A C I) * 1=1* 14) 

PRINT 705* ( TM( I) * 1 = 1 * 14) 

PRINT 715* ( SNR! I) * 1 = 1 * 14) 

PRINT 720* (SNRAIM! H * 1 = 1* 14) 

PRINTS** * 

PRINT 722* ( SPAT( I) /lOtOi. * 1 = 1* 10) 
or IN T 725* (SIGSYS! I) » 1 = 1*10) 

PRINT 730 * { SIGAVA ( I ) * T = l * 10 ) 

PRINT 735* (NNOISE! I ) * T = 1 » 10 ) 

PRINT 740* ('ISCENEI I) * t = l* 10) 

PRINT*** * 

PRINT 745* 'JREAM 
PRINT 746 * 1 10 I EL 
PRINT 750*- (LOAD 
PRINT . 755.NAMPL 

620 FORMAT! * TIS **3X*14F6.3) 

625 FORMAT! * TEL8 * * 3 X * 14F6* 3) 

630 FORMAT!* TFI 8 **3X*14F6.3) 

680 FORMAT (* TC AM * * 3 < » 14F6 . 3 ) 

695 FORMAT <♦ TSYS **3X*14F6.3) 

700 FORMAT (* 8M ’»3X»14F6.3) 

720 FORMAT (• SNR A I M* 3 X * 1 4F6. 1 ) 

722 FORMAT!* SPAT **1X*10I9) 

725 FORMAT (* S IGSYS* * 3X * 10E9 . 3 ) 

730 FORMAT !* S IGAYE’ # 3 X * 1 0E9. 3 ) 

735 FORMAT (* i JNOISE* » 3 X * 10E9 , 3 ) 

740 FORMAT (* ' JSCENE ' * 3 X * 10 E9 . 3) 

745 FORMAT!* READ NOISE =**E10.2»* AMPS') 

750 FORMAT!* THERMAL NOISE ='*£10.2*' AMPS') 
755 FORMAT!* FET SHOT NOISE ='*E10.2** AMPS*) 
S TOP 
END 
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B.4.4 


ion 
102 
10*=) 
no 
t is 
120 
12S 
ISO 
136 
140 
ISO 
15S 
160 
165 
170 
1 76 
180 
l 86. 
190 

195 
20 n 
?ns 
210 
21 S 
220 
225 
230 
23S 
240 
245 
250 
255 
260 
265 
270 
275 
280 
285 
290 
295 
son 
S05 
310 
315 
320 
325 
330 
335 
340 
345 
350 


ESCMF PROGRAM LIST - ELECTROMAGNETIC FOCUS 


PRINT*, • ANALYTICAL MOOEL OF THE ELECTROS! AT IC STORAGE CAMERA* 
PRINT*# ’ELECTROMAGNETIC FOCUSING ANO 10 MICRON READ BEAM* 
DIMENSION SNR A I M( 14)# SNR(14)# TM(14)# TCAM(14) 

DIMENSION TSYS<14>* T IS( 14 ) » TELB(14)# SPAT ( 14 ) 

0 1 MENS ION BB( 14 ) # NSCENE<14)» NN0ISE(14). SlGAv/4<14> 

DIMENSION SIGSTSt 14) # TMA(14) 

COMMON CORO# FLUX* RESP* TAVA(14)* T r AR ( 14 ) 

REAL M# TFE T 

OAT A T IS/. 995# .985# . 97# . 95 * . 94 * . 91 * . 87 * . 82 » .75 #.675#* 

. 6 # . 525 # • 45 # » 3 7/ 

10 REAO( 5# * # PROMPT-* EXPOS 1 JRE( SEC) # SPIN RATE(RPM)# % 

bandwidth :*) ekpt # spin # band 

20 REA0(5#*#PR0MPT=*F0CAL LENGTH(M)# F NUMBER, contrast * 
RATIO : ’ ) FOC# FN'JM# CR 

30 REA0(5#*# PROMPT = ’ PHASE ANGLE* INCIDENCE ANGLE* * 

REFLECTION ANGLE (DEGREES) :*> PAO* AID* RAO 

PA 40/57 .2958 

AI-At 0/57. 2958 

RA-RAO/57 .2958 

A - . 5 

SET=l. 1 

SEM=2.2 

H=SETM . 

BEAM=,83£-10 
Mr. I 3 
Or 10. £-6 

ABEAM=( 3. 1416/4. ) *0**2 

9=1.602E-19 

GTrlOO. 

GM=1 . E4 
FTrl. 

C=5.4E»9 
AELEMr ABEAM 
TEMP=300. 

BK=1 . 38E-23 
RL-2 . EQ 
!FETr7.E-3 
GMFET=13.4E-3 
CSr20.E-12 
SNRL-10 . 

CALL IRWATMCPA# AI»RA#FNUM) 

CALL MTFAV A ( FN'JM# SPIN# EKPT# FOC# CR ) 

CALL SO TAR 

DATA TELB/. 99 7 #.988# .973 #.952 #.926 #.895# .86# .821 * .779# . 735** 
.689# .641* .594* .546/ 

DO 300 Krl#l4 
SPAT(K) =K*5.E3 

BBP=Br)P+TT AR(K> **2*TELB( K)**2 
B3( K) =(BBP*5000. ) /SPAT( K ) 

300 CON T IN 1 )E 

iJMi)LT = A*SET/(SEM-l. ) 
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355 UREAp=A**2*S£T**2 

3t>0 ULOAD=SQRT( ( 4 . *8K* TEMP* BAND) /RL> 

36*5 i JAMPL=SGR T ( ( 8. *G* IF£T*flAN0**3*CS**2 ) /GMF£T**2 > 

5 70 USEC=A**2* ( H-SED *S£T 

3 76 .jEAP-A* ( l.-A) *S£T 

380 i I8EAM=SGR T ( 2 ♦ * GM**2* Q*BE AM* 8 ANO* ( ' JMUL T +UREAO+ ' JSEC+UEAP) ' 

385 UCHAR=(M*SET*6EAM/<C*10000.*ABEAM) '**2 

590 * )ANA|_=Q*8EAM* ( 1 . + ( H~2. )*sED/(2, *8AND) 

398 ! )D TEL=SQR T < UCHAR* ' JANAL*GM** 2 > 

4Q0 UQUANT=( Q* AELEM*GT*CURO*EXPn 

408 DO 400 K=l * 14 

4l f) i JSCENE ( K) =SGRT < GM**2* (88(K)**2)*(GT+1.) *UQUANT*UCHAH ) 

418 SIGFL_r = (GM*M*SET*2.*8EAM*GT*CURD*E<PT) /< C*100 '0. ) 

420 UNO ISE< K) =SQRT( ULOAO**2+UAMPL**2+USC£NE( K) * *2 + U0 IEL**2+U8EAM* *2 ) 

428 rCAM( K) =r TAR(K) *T|S( K) *TELB( K) 

450 fSCENE=(CR-l . )/( CR+l. ) 

438 TSYS( K) =TCAM( K> * TA\/A( K) 

440 SrGAVA(K)=SIGFur*rCAM{K) 

448 StGSYSl <) =StGFLT*TSYS<K) 

480 SNR A IM( K> -S I GAY A ( K ) /UNO ISE( K ) 

488. rMA<K)=SNRL/SNRAIM(«) 

480 SNR ( K) =SIGSYS( K) /UNOISEI K) 

485 TM< K)=SNRL/5NR(K) 

470 400 CONTINUE 

475 PRINT 620f< TIS( M » 1=1*14) 

480 PRINT 625* ( TELB( I) * 1 = 1* 14) 

490 PRINT 880 *(TCAM(I>* 1=1*14) 

495 PRINT 695* ( TSYS( I> ► 1=1*14) 

800 PRINT 700* { BB< l) * 1 = 1* 14) 

805 J RINT 702* < TMA( I) * 1=1*14) 

510 PRINT 705* ( TM( I) * 1=1 ► 14) 

815 PRINT 715* ( SNR( I) * 1=1* 14> 

820 PRINT 720 * ( SNR A IM( I) * 1“ 1*1 40 

825 PRINT**’ ’ 

530 PRINT 722* (SPAT(.I) /1000.* 1 = 1* 10) 

535 PRINT 725* (SIGSYSI I) * 1 = 1* 10) 

540 PRINT 730* (SIGAYAt I) * 1 = 1* 10) 

545 PRINT 735* ('JNOtSEt I) * I = l» 10) 

550 PRINT 740* (USCENEI I) * 1=1* 10) 

888 PRINT** ’ * 

880 PRINT 745*UHEAM 

583 PRINT 748»UDIEL 

8 70 PRINT 750 * ' JLOAD 

578 ^RINT 755 ♦ UAMPL 

580 620 FORMAT ( * TIS ’ * 3<» 14F6. 3) 

888 625 FORMAT ( ’ TEL8 ’*3X*14F6.3) 

598 680 FORMAT (’ TCAM *»3X*14F6*3) 

600 695 FORMAT (• TSYS ’»3X*14F6,3) 

608 70'J FORMAT (* 88 **3X»14Fb.3) 
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MO 
MS 
MO 
MS 
n 30 
MS 
54 0 
645 
680 
65 ■ 
f>- >0 

6 S 
>7 ) 
n 75 
MO 


B.4.5 

!•' - 
108 
1 ' •> 

1 • s 
L?0 
1 2 S 
l V' 

1 v. 

I 4 0 
! u 6 

l so 
1 s . 

I 85 
1 nO 
1 - l 
162 
170 
17S 
180 
185 
190 
195 
200 
205 
210 
215 
220 
225 
230 
238 

?4 S 

24S 


702 

FORMAT ( 

♦ 

705 

FORMAT 

< ’ 

715 

FORMAT 

( ’ 

720 

FORMAT 

( * 

722 

FORMAT ( 

t 

725 

FORMAT 

( * 

730 

FORMAT 

( ’ 

738 

FORMAT 

( ’ 

740 

FORMAT 

( ’ 

745 

FORMAT* 

t 

74b 

FORM AT ( 

t 

750 

FORM AT ( 

• 

75 

format ( 

* 

STOP 


END 




TMA ’*3X*14F6.3) 

TM ’*3X*14F6,3) 

SNR ’*3X*14F6.1> 
SNRAIM’3X*14F6.1) 

SPAT * * 1 X * 1 0 19) 

S I GSYS ’ * 3 X * 1 0E9. 3 ) 

SIGA\/E’ *3X* 10E9.3) 

< JNO ISE ’ * 3X* 10E9.3) 

JSCENE' *3X, 10E9.3) 

REAO NOISE =’»E10.2*’ AMPS’) 
DIELECTRIC NOISE =’*E10.2*’ AMPS’) 
THERMAL NOISE =’*£10.2** AMPS’) 

FET SHOT NOISE =»»E10.2*» AMPS’) 


CCD PROGRAM LIST 

PRINT** ’ ANALYTICAL MOOEL OF CHARGE-COOPLEO CAMERA* 
DIMENSION SNR A IM ( 14 ) * SNR(14>* TM(14)* TCAMI14) 

DIMENSION TSYS(l4)» SPAT(14)* SIGSYS(14)* QEPC(14) 

DIMENS ION H ) ( 1 4 ) ► OSCENEt 14 ) * NN0ISE<14)* SIGA\/A(14) 
DIMENSION RSIR( 14) » AJNP(14>* <*/A>/E<14)» TMA<14>, TTARU4) 

C )MMON D' JM( 3 ) * TA\/A(14) 

REAL IFET* IOARK* N TL* NTCL 

10 REAO( S* *» t-»ROMMT=* EXPOS WE< SEC) » S*->IN RATE(RPM)* % 

HArjOw IOTHJ * ) E< lJ r * SP T N» HAND 

20 RE40{ 5* *. PROMPTS’ FOCAL LENGTH( M) » F NUMBER* CONTRAST % 
RATIO : ’) F0C» FN-JM» CR 

30 READ(8» ** PROMPT-’ PHASE ANGLE* INCIDENCE ANGLE * % 
REFLECTION ANGLE (DEGREES):*) PAD* A ID* RAO 
PAz*>aO/8 7M9S8 
AT i4I0/M.?P88 
-<A - •‘AO^ t )7,29S8 
TL = .S 

0-1 .S02E-19 
C :?.^RE < 

H-S. ME- 
A I J-5.2 
MRP = . 21 

AElE M=( 20.F-6) * * 2 
IDANRz4.E-13*AELEM*l . E4 
SNRL - 3. 
f . = 140 ' . 
tEm.* = 235. 

84 = 1 . 3 8E-23 
R I Pi • 69 
I F E T p 7 « E- 3 

C >p. 2E-12 
GMFET=13.4E-3 
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250 
25 • 
?60 
2o5 
270 
27*3 
280 
288 
200 
298 
300 
308 
310 
318 
320 
325 
3 30 
335 
340 
345 
350 
355 
360 
365 
3 70 

3 75 
580 
385 
300 
305 
400 
405 
410 
415 
420 
425 
430 

4 35 
440 
44 5 
450 
455 
460 
465 
4 70 
4 75 
480 
485 
400 
405 
500 
505 
510 


EC=l.E-5 
NTL-2 • E15 
AL-40 . 

M IN=2 . *3 . 1416/ EXP T 

rs=3.E-5 

8C“BAN0*2« 

VC=2.*3. 1416*BC 
N T CL-2 . El 5 

DATA RSIR/.256* .545* .712* l.* .968* .850* .831* .753* .682*% 

.615* .552* .403* .443* .416/ 

DATA A J 1 JP/ .25* .31* .36* .42* .5* .5* .49* .49* .47* .44*% 

.39* .34* .3 3* . 32/ 

DATA QEPC/. 00 1 * . 5 * . 7* . 8 * . 84 * . 82 * . 7 ; * . 7 * . 67 * . 6* . 55 * . 4 * . 3 * .2/ 

Qftf A F F AR/. 96* . 87 * . 74 * . 6* . 464* .326* .224* ,08* .05* ,001*% 

.001*. 001* .001* .001/ 

00 200 K—l * 14 
*/AvE(K1 =(250.+K*50. ) 

5!|MF=S | JMF+^A\/E( K) *I.E-9*RSIR( K) *AJiJP< K) 

SUM I-5UMI + WAVE! K) * 1. • E-9*RS IR ( K> * A JsJP{ K) *QEPC( K) 

200 CONTINUE 

C0NS=(5IRP*TL*C0S< A I) *COS { RA ) ) / (-4. *H*C* AUJ* *2*FNUM**2) 
FUJX=CONS*SUMF*500. 

O JRD-CONS*Q* SUM 1*500 • 

QE-CURD/( FLUX*Q) 

CALL MTFAYAf FNUM* SPIN* E X P T * FOC* CR) 

00 300 K-l * 14 
SPAT(K)=K*5.E3 
8BP=88 P + T i AR( K)**2 
68<K)=< BOP* 50 00 . ) /SPAT(K) 

300 CONTINUE 

S IGFl. T- ( 2 . * AELEM*OJRD*EXP T ) * ( l.-TN*EC) 

UL0A0=5QRT( TEMP*BK/ ( R I* BAND ) ) 

UAMPL=50R T { { 2. /GMFE T**2>* IFE T* Q*6AN0*CS* * 2 > 

1 JOARK-SQR T ( ( 2 . *0* I DARK*EXPT ) + ( 2 . *Q* TN* IOARK/BC > > 

XP-TEMP* ( BK/Q) *AELEM 

IF( 'a/C.GE.I.O/TS) GO TO 500 

T ~SQRT( ( NTCL*XP* TN/ AL> * ALOG( l . / ( WC* TS) > + < 4. *NTCL*XP* TN/AL) i *0 
GO TO 501 

500 Y=SQRT( CNTCL*XP*TN*4.) /UC*TS*AU > *Q 

501 CONTINUE 

X=SQRT( ( NTL* XP/AL ) * ALOG( 1 . /{ W IN* TS) ) + (4. *NTL* XP/ AL> ) *0 
DO 400- K-l * 14 

USCENE( K) =SQRf ( ( B6( K) * *2* ( OE+1 . ) ) *Q* AELEM*CURO*£<PT) 

'JNOISE(K) =SQRT(UL0A0**2+UAMPL**2+U0ARK**2+' ISCENE ( K ) **2 + X **2+ X ** ? > 
T C AM( K) r r F AR ( K ) 

TSCENE- ( CR- 1 • > / I CR+ 1 . ) 

TSYSt K) =TCAM( K) *TAVA( K> 

SlGAVAt K) =SIGFLT*TCAM( K) 

SIGSYS(K) =SIGFLT*TSY5(K) 

SNR A IM ( K ) =SIGA\/A(K) /UNOISEt K) 

SNR ( K ) =SIGSYS< K> /'JNOISE( K) 

TMA ( K ) -SNRL/SNR A IM ( K ) 

TM(K) =5NRL/SNR(K> 
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SIS 

s? i 
S2s 
S 30 
S 36 
*->4 !j 
646 

s 

S'-» 

560 

565 

5 7'> 
576 

S>T % 
s-*n 

T ' 

"> i 

r>' * S 
<-> 1 ! > 
^ 1 6 
620 
o26 

6 30 
636 
640 
64S 

bSO 
6SS 
ST 0 
6- S 
670 
67S 
680 
68S 
690 
696 

70 • 
70S 
7l-i 

71 S 

7 0*| 

726 
7 V* 
7 35 
7u.O 
74S 
7S0 
7SS 
760 
76S 
770 
7 75 
780 



680 FORMAT (* TC AM * * 3X» 14F6. 3) 

6Q5 FORMAT (* TSTS ' * 3X* 14F6. 3 ) 

7 1) - > FORMAT (» Rd **3X»14F6.3> 

702 FORMA T ( * TM A **3X»14F6.3) 

70S FORMAT <* TM »»3X*14F6.3> 

716 FORMAT (• SNR **3X»14F6.1) 

720 FORMAT {» SNRAIM* 3X» 14F6« l> 

72 * FORMA T( * S‘»AT »* IX* 10 19) 

72S FORMAT l* SIGSYS* * 3X* 10E9. 5 > 

7 30 FORMAT (» S IGAVE* * 3X» 10E9. 3> 

736 FORMAT (* JNOISE* *3X* 10E9.3> 

740 FORMAT (* NSCENE' » 3X* 10E9. 3) 

7S0 FORMA T ( * THERMAL NOISE =*»E10.2*’ COOL’) 

7SS FORMAT ( * FET SHOT NOISE =* »E10.2»' COOL*) 

760 FORMA T ( * OARK C IRRENT =»*E10.2** CO'JLM 
76S FORMATT* NOISE **X" = * * E10.2* * CO'JL* ) 

7/0 FORMA T ( * NOISE ** f ** = » * El 0 . 2 ♦ * COi JL ') 

635 FORMAT ( ' Al AXE **3X*14I6> 

640 FORMAT ( * OEPC **3X*14F6.3) 

645 FORMATT* R5IR »#3<»t4F6.3> 

650 FORMATT* AJRP **3X*14F6.3> 

80H FORMATT* C-IRRENT 0ENSITV= **£10.27* AMP/SO. ME TER * 1 
805 FORMATT* FLJX = **E10.2** PHOTONS/SQ. METER * 1 
810 FORMATT* INTEGRATE!} CiE =*»E10.2*' ELEC TRONS/PHO TON* > 
STOP 
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£. 4.6 


1 ) 

! IS 
i .0 

L S 
1 20 
l?s 

130 

13S 

140 

14 6 
ISO 

15 s 
1 60 
166 
170 
1 76 

1 HO 
l.HS 
1 90 
19S 
211 ) 
20 S 
210 
2 1 5 
220 
2.76 
230 
23S 
240 
245 
250 
255 
260 
265 
270 

2 76 
260 
28S 
290 

295 

50.) 

305 

310 

315 

520 

325 

3 0 
335 
340 
346 


ICCDEF PROGRAM LIST - ELECTROSTATIC FOCUS 


PiUNf*» ’ ANALYTICAL MODEL OF HM TENS I F T EO CH ARGE-CON^LED CAMERA* 
99 INT*» » i/ITH ELECTROSTAT IC IMAGE SECT [04* 

0 I MENS [ ON SNR A [M( 14 ) * SNR(t4)* M(t4)r T CAM! 1 * ) 

0 1 MENS l O' I TSYS(14)* SP A r ( 14 ) * S I G5 Y j ( l 4 ) » Tl>(l4)* 4520(14) 
DIMENSION 89(14)* IJSCENE<14)* «H0I5E(14J» SIGA>7A(14.) 

0 1 MENS tON RS[R(14)* AJNP(14)» */VyE(l4>* fMA(14)» TIAR(14>* 

fFl8(l4>* RF 16(14) 

DIMENSION Al.tt ( 9 ) *4NJ(9) 

COMMON DIJM(3)* I A \/ A ( 14) 

REAL [FETf [DARK * NIL* NT CL 

10 READ( 5r * * PROMPT-’ E<POSNR£( SEC) ♦ SPIN RATE (REM ) * % 
HANDMIOTHI* ) E< P T * SPIN* HAND 

20 REAO( 5 * * * PROMP T “* FOCAL i_ENG TH( M ) » F N9M8ER* CONTRAST % 

RAT 10 J * > FOC* FNNMr CR 

30 RE AO ( 5 * * * PROM ’ 3 T— * PHASE ANGLE* INCIDENCE ANGLE* % 

REFLECTION ANGLE (DEGREES) PAD* A ID* RAD 

40 REAO( 5»*» PROIMP T = *DODy N 1 JMflER :*)T 

DATA ALB/ 1 . * .92* .85* .49, .26* .61 , .42* .42* . 14/ 

DATA 'MJJ/5.2* 6.2* 5.2* 6. 2*5.2*9.64* 19. 16* 30. 1 * 39.4'./ 

PA-PaQ/57 • 2956 
A I — A ID/57.2966 
RA-RA0/67 .2956 
TL- . 6 

Q=1.602E-19 
S20P-.0626 
S IRP- . 2006 
AELEMr (20.E-6)**2 
GT— 2000 . 

IDARK-4. E- 1 3* AELEM* l . E4 
SNRL=10. 

TN=1400. 

TEMP=233. 

8K=l.38E-23 
R l-l . E9 
I F £ T - 7 . E— 3 
CS=.2E-12 
GMFET=13.4E- 3 
EC-l . E-5 . 

NTL-2 . El 5 
AL-40. 

iVlN-2.*3. 1416/E<PT 

TS=3.E-5 

BC=6AN0*2. 

NTCL=2.E15- 

WCz2.*3.l416*6C 

DA T A RS20/ .14* .66* .9s* .962* .791* .645* .501* . 3ss» .21;,* ... 
.065* .019* .001* .001* .001/ 

DATA RS IR/ .256* .645* .712* 1** .968* .659* .831* .753* .662*% 
.615* .552* .493* .443* .416/ 

DATA RF (B/ .001 * * 36* • 71 * .8* .8* .8* .8* ,8* • 8 * . 8 * . 8* .8* .6* . 8/ 

DATA AJUP/ . 25 * .31* .36* .42* .6* .5* .49* .49* .4 7* .44*% 
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* >0 

* -> 

5r>i f 

\ . - , 

5 . / 1 • 
5 * » 
56 :) 
*> 6‘> 

v*u 

4 > 

4 6 6 
4 1) 
4] > 

■'+?<' 

4^>6 

4.)i) 

43*i 

440 

44 b 

4S0 

4b 

461 

46b 

u 74 

4 7 - 

♦ H i 

4br> 

4 4!) 

♦ -b 
60 : 
60b 
blO 
bib 
620 
b?b 
4 50 
6 36 
640 
64: • 
b\M) 
bbb 
b60 
666 
6M 
6^6 
66 • 

6 46 

i 4|) 
4->6 
■y-' 


.3^* *34* .33* *3?/ 

nfl *T A r IS/. 98, . 9. . 79# .65, .51 » . 36* ,22* . 08 » . 001 , .001,% 

."ill , .001, .001 , .001/ 

i > A r a rAR/.96*.87».74».6,. 464, , 326 # .224, ,08# .08* .0)1#% 

.0 1 , .0 *1, .001, .001/ 

) A r ' TF IB/ .995, .98, . 98 , .9, .83, . 75# .67, , 62 » . 54 » .5, .45,% 

.4, . 58# .3/ 

[F( T.E i. I > GO TO 150 
00 10 K-1,14 

A Jt J-M K > z 1 

10 ‘ CONTINOE 
160 CONTINOE 
00 200 Kzl , 14 
A v/ E ( K ) z( 250. + K*50 . ) 

S' IMFzs (MF+RS IK ( K) * AJ|)P( K) *9Fim K) * ALB ( D 
v JMf zs I'lltiS IK( K) * AJi.)P( K) *RS20 ( K)*RF [B( <> *ALB( T) 

20* COOT I'J IE 

CONS-I -v IRP* TL*COS( A I) *COS( RA) )/<4.*A‘JJ( D **2*FN )M**2) 

FLOX^CONS* i' )MF*5G0 • 

CORQzCQN5*S JM 1*600 . *S20P 
KESKzC IPO/FLiX 

CAL* MTFAV A{ FN' )M, SPIN, EXPT, FOC, CK) 

O') V>' K = t,l4 

>040X1 zK*5.E3 

6 ' 'Z80K+ rr AR( K) **2 

8H( K ) z( BRP*60 J . ) /SPAT ( K > 

^0" conus je 

>I6Fu r Z{ 2. * AElK -xl* C lRO*EXPT*GT > M l ,-T <I*EC> 

)!. .) A. IZSQR T ( T EMP* 8K/ ( K I * BAND ) ) 

JAMPLZSOKrt (2./GMFET*- 2) * IE£ T* 0* BANO*CS* *2) 

JOARKrSNRT ( (2,* j* IOARK*E XP f ) + ( 2. * 0* T 9+ I DARK/ BC) > 

XP- TEMP* ( Bk/O * AELEM 

14 ( a/C. GE. I . 0/ TS) GO TO 500 

(NTCL*<p* ri\|/AL)*ALOG(l./( a/C* T S) ) + ( 4. *NTCL*XR* TN/AL) )* ) 

GO TO 501 

600 r = SQRn OTCL*XP* T0*4. > /< 4C*rS* Al ))*() 

801 CONUNME 

X-SQR T < < NTL*XP/AL)*ALOG( l./( WIN* TS) )+(4.*ND *XP/AL> • *0 
00 40 1 ' K = 1 . 14 

• JsCENE( K ) =SOK r< ( BO( K) **2* ( GT + 1 . ) ) *9* AFLEM*CORO*E<RT*G I ) 

JNO ISE< K) zSOK T ( ■ H_0A0**2 + JAMPL**2+ JOARK.* 2+' JSCEnEI K)**2+<**?+1**?) 
TCAM( K ) = r T AK l K) * T IS( K) * TF IB( K) 

TSCENE = ( CR-1 . ) / ( CR+ l . ) 

TS XS ( K> z rCAM{ K ) * T A\/ A ( K ) 

S T G A yj A ( k ) zS T GFl 1 * f C AM ( K ) 

S IGSX .( K» zSIGFL r* fSru K) 
sNRA [M( K) zSIGA\/a( K) / (MOISEI K) 

.MK( K) zSIGSXSI K) / (MOISEI K) 

r M A ( K) -SNRLX' MR A IM< K) 

T M ( K I -SNRL/SNK ( K > 

40 i CON T [SHE 



60S PRINT 680. < TCAMI [> » r=l» 14) 

61 n PRINT 695, t TSYS! I> » 1=1. 14) 

6)5 PRINT 70! , ( 68! I) , 1=1 . 14) 

••.20 PRINT 702* (JMA! [) » 1=1. 14) 

:,25 PRINT 70r>» ( TM! [). 1=1*14) 

PRINT 715# (SNR( () i 1=1' 14) 

■ TV) PRINT 720. (SNRAIM( I) » 1=1. 14) 

<■•>4 t PR (NT* . * * . 

646 PRINT 722* (SPAH t)/10:-.r.» £ = 1'ID) 

650 print 725, !SI6SYS! [) , i=l, 10) 

05 PRINT 730, ( SIGAv/A! I » » 1 = 1 , 10) 

6 -0 PRINT 735. (NNOISE! (> » 1 = 1. ID) 

6)5 PRINT 740 » ( (SCENE < I ) * 1=1.10 1 

670 PRINT*.* ♦ 

675 PRINT 6.35, ( iVAVEt t> . T=1 . 14) 

680 PRINT 640. (R',20( I) » 1=1.14) 

685 PRINT 645, ( RSIR( I> » f=l » 14) 

690 PRINT 650, ( AJiJP{ ft . 1=1. 14) 

695 PRINT*,* • 

700 PRINT 80,1. CNR9 

705 PRINT 805. FlOX 

710 PRINT 610.RF.SP 

715 PRINT 750, NLOAO 

720 PRINT 756 » NAMPL 

726 PRINT 760. NOARK 

7.30 PRINT 765, X 

7.35 PR IN I 7 79, Y 

740 680 FORMAT (» T C AM *,3X,14F6.3> 

746 695 FORMAT !* TSYS ♦ . 3X» 14F6..3) 

750 700 FORMAT (* * » 3 X » 1 4F6. 3 ) 

75 > 702 FORMAT ( * TMfl *,3<»14F6.3) 

760 705 FORMAT (* TM * . 3X» 14F6. .3 > 

765 715 FORMAT (« SNR »,3X»14F6.1) 

7/0 720 FORMAT (* SNRA IM* 3X» 14F6. 1 ) 

7 5 722 FORMAT!* SPAT IX. 10 19) 

780 725 FORMAT (* S I GS YS * , 3 X , l 0E9, 3 ) 

785 730 FORMAT (* S IGAVE* ♦ 3X. 10E9.3> 

790 735 FORMAT (* NNO ISE’ , 3 X , 1 0E9. 3 ) 

795 740 FORMAT (» i JSCENE * , 3 X» 1 0E9 . 3 > 

800 750 FORMAT ( * THERMAL NOISE =*»E10.2,* CO'U_*) 

806 75, FORMAT { * FET SHOT NOISE =’,EIU.2»* POOL* > 

810 760 FORMAT I * DARK COR RENT =*»EL0.2»* COOL*) 

815 765 FORMAT ( * NOISE "X" = * , E10. 2. * CO JL’ ) 

820 7 hi FORMAT!* NOISE " Y ** =» » El 0 . 2 » • COOL* ) 

825 635 FORMAT!* AVE *.3<»l4l6> 

8 30 640 FORMAT!* R82fl *»5X,14F6.3) 

*135 645 FORMAT!* RS-IR * , 3X, 14F6. 3 • 

8'+!i 650 FORMAT!' AJDP *.3X'14F6.3) 

845 800 FORMAT! • CHARGE DENSITY^ '.E1.0.2,.* AMPS/ SO. ME TER ' ) 

850 805 FORMAT!* FLOX= ».E10.2»* « AT -/SO. ME TFR * ) 

855 810 FORMAT!* RESPONS IV I T Y =* » El 0 . 2 » ' AMPS/ v A T T » ) 

•860 STOP 

865 END 
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B.4.7 ICCD PROGRAM LIST - ELECTROMAGNETIC FOCUS 


l Of 

li)5 
l 0 
l ! 5 
120 
12"} 
1.50 
l .5"} 
140 
l 4 5 
150 

l 55 

i f»n 

1 70 
l 7*} 
l 80 
185 
190 

1 Mb 
20 i 
205 
210 
2L5 
2. 0 

2 5 
250 
2 Vi 
240 
245 
250 
25 
250 
255 
2 70 
2 75 

2 no 

285 
290 
2 95 
50 0 
505 
510 
518 
320 
525 
5 .0 
5 >b 

54 0 
545 
550 

55 i 


PP INI"** * AN ALY r ICAL MODEL OF INTENSIFIED CHAPGE-CO IPuED CAMERA’ 
PP[NT*#'VITH ELEC TPOMAGNET IC IMAGE SECTION' 

OT MENS ION SNpA IM( 14 ) # SNP(14)# TM( 14) » T C AM (-14) 

DIMENSION TS YS ( 14 ) # SPAT(14)# SIGSYSI 14) » IK(14)# PS20I14) 

DIMENSION R' i{ 14)# 0SCENC(14)# ' JND [SE( 14 ) » 8t6AYA(l4> 

DIMENSION PS IP ( 1 4 ) # A J' J P ( l 4 ) » .*JA'/E(14). TMA(14)» TIAP(14) 

DIMENSION ALB(9> # Ai J J( 9 > 

COM ON O' )M ( 5 ) # T A v/ A ( 14) 

PEAL I FF T # 10APK# NTL# NT CL 

10 PE ADI 5 * * # PPOMP T -' EXPOS' )PE( SEC) # SPIN PATE(PPM)# % 

hand.vt^th:' i exp r# sp in# band 

20 p£AO( 5 » * # ppomp r -' focal lengthimw f numbep# contrast % 

PATIO : *1 FOC# FN. )M# CP 

50 PEAfX 5# PPOMP T-* PHASE ANGLE# INCIDENCE ANGLE# % 

PFEl.ECr DN A'iGLE ( OEGpEh 5) : ' ) PAD# AID# PAD 
40 PEAD( 5 ♦ * # PpOM' J T * ' BODY N IMBEP :*)T 
Da r A LB/I.# ,H2* <■ B "> * .4 9# .28* .81# . #2# .42# .14/ 

DAT a U/5.2# 5.2- 5.2. >. > # 8 . 2 # 9. 54 # 1 9 . I 8 » 30 . I # 59. 44 / 

P A-PAO/5 7 . 2 H88 
A T 10/5 7 . 2 L< 5 8 
PArpAO/57.2958 
1 I . - . 5 

0-1 .802E-1 9 
S20 P- • 0i}?5 
S 1PP-. 20 >8 
AELE M - ( 2 0 . E- 8 ) * * 2 
G T =20 )c. 

I OAPK-4 . E-l 5* AEL M* 1 . E4 
SNPL-10. 
r n — 1 4 o ! i « 

F EMP-2 5 
BK- 1 . 38E-25 
P [ = 1 . E9 
I FET -7 . E-5 
CS-# 2E-1 2 
GMFET-15.4E-3 
EC=l.E-8 
NTL=2.E15 
AL-40 . 

fi IN-2 . *3.141 6/EXP T 
TS— l.E— 6 
DC -BAND* 2 . 

NTCL-2.E14 
•V C - 2 . * 3. 1416*BC 

D A T <\ 2520/ .14# ,nft> .95# .952# .791# .645# .501# . 356# .2li#t> 

.085# .019# .0>1» .0 L# .O'll/ 

D A T A OSIP/. 266# .54'-># .712# l.» .988# .889, .851# . 75 5# .682#*, 

.618# ,5}2» .495# .445, .416/ 

DATA 4Ji|P/ .25# .31, .56# .42# .5# .6# . 49# .4 9, .47# .44-# % 

.59# .54# .55# .52/ 

DATA T l S/ • 995 » . :, 85 *.97#. 95 # .94# .91 » .87# .82# . 75# .6 75# .6# . 525 # ,45# .57/ 
DATA T ! AN/ • 96 # .87# . 74# .6# ,464# .526# .2 '4# .08# .05# .O il #% 
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360 

365 

3 70 
5 76 
300 
386 
360 

366 
•40 

•4 06 

4 l > 
4 l 6 
4 20 
42-1 
4 . 3(1 
4 36 
4 - 61 . 
4 *6 
450 
46‘- 
460 
466 
4 70 
475 
480 
485 
490 
495 
500 
506 
610 
616 
620 
526 
630 
535 
640 
646 
650 
5 V -> 
560 
566 
570 
57 n 
680 
585 
690 
695 
60 0 


. 001 ► . 001 * .0 1 * . 001 / 

IF(r.E0.1)G0 ro 150 

00 100 K=l*14 

AJUP( K) -1 

100 CONI IN 1 JE 

150 CONTINUE 

00 200 K- 1 » L4 

WAVE ( K> r (250.+K*50. ) 

SUMF=SUMF+RSIR( K)* AJiJPf K) * AL8( T ) 

SUM l -SUM 1 + PS IR< K) * A J'JP ( K) *RS20 { K > * Al_8( T ) 

200 CONTINUE 

CONS=(SlRP*TL*COS( AD *C0S(RA) l /(4**AUJ( T) **2*FNUM**2> 

flux -cons* sumf* 500 . 

C : JPO-CONS* SUM 1*500. *S20P 
PESP=C URO/FUJX 

CALL MTFAVAt FNiJM» SPIN# E<PT» FQC* CP) 

00 300 K-l * 14 
SPAT ( K) -K*5. E3 
HUP=RUP+ f FAR< K1 *»-2 
88<K) =(8 mP*5000. ) /SPAT ( K) 

300 CONTINUE 

SIGFUT-(2. * AELEM*CURD*E<P T*GT) * ( 1 . - T N*EC ) 

ULOAO-SQRT ( TEMP+BK/ ( R I* BAND) 1 

UAMPL-SQRT( ( 2. /GMFET**2 ) * [FET*0*8AN0*CS* *2 ) 

UOAR«=SORT< ( 2 . *0* IOARK*EXPT> 4(2.* }*TN* I0ARK/8C) I 

XP^TEMP* ( 8K/U1 *AELcM 

TF( wC.GE.l.O/TS) GO TO 600 

Y = SQR r ( ( NT CL* <p* TN/AL1 * ALOG ( 1 ./ ( WC* TS) ) + ( . 4*N fCL* XP* TN/AL) i * i 
GO TO 501 

500 f -SOR T ( ( NTCL* <P* TN*4 . 1 / ( WC* TS* AL1 1*0 

501 CONTINUE 

X -SQR T ( { NTl_*XP/AL) *ALOG( t./( WlN*TS) 1 4 ( 4 . *N TL* <p/ AL 1 1 *0 
00 400 K=l» 14 

USCENE ( K) -SQR f ( ( 88 ( K) **2* ( GT+ 1 . 1) *0* AELE^* CURO* EXP T*G T) 

UNOISE(K) =SORT( i JLOA0**2+i JAMPL* k 2+U0ARK**24USCENE ( K1 * + 2+ <**2+ Y**21 
TCAM ( K ) ~TTAR<K)*T[S(K1 
TSCENE=( CR-l . 1 / ( CR+ 1 . ) 

TS7S( K) -TCAM( Kl * TAVA(K) 

SIGAVA( K) =SIGFLT* TCAM(K) 

SIGSfS( Kl -StGFLT*TSXS( K) ‘ 

SNRA IM( K> =SIGAVA ( K) /UNOISE( K) 

SNR(K) =SIGSYS(K)/UNO[SE(K) 

TMA( K) -SNRL/SNRA [Ml K) 

TM( K) -SNRL/SNR( K) 

400 CONTINUE 

PRINT 680 * ( TCAM( I) * 1=1*14) 

PRINT 695* ( TSYS( I) » 1=1* 14) 

PRINT 700* ( 8U( I) * t = l » 14 ) 

PRINT 702* ( TMA( D * 1=1* 14) 
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605 

610 

616 

620 

626 

630 

636 

640 

646 

650 

666 

6fo0 

665 

670 

676 

660 

686 

690 

698 

700 

705 

710 

715 

720 

725 

730 

735 

740 

745 

750 

758 

760 

765 

770 

775 

780 

788 

790 

795 

800 

805 

810 

815 

820 

825 

830 

835 

840 

845 


PRINT 7U5» ( TM< I) * 1 = 1* 14) 

PRINT 715* (SNR! I) * 1=1* 14) 

PRINT 720* (SNRAIM! I) * 1 = 1 * 14) 

PRINT*** * 

PRINT 722# (SPAT! 1) / 1000. * 1 = 1# 10) 

PRINT 725# (SIGSYS! I) # (=1# 10) 

PRINT 730* (SIGAVA! I> * 1 = 1,10) 

PRINT 735* <NN0ISE( I) * I=t* 10) 

PRINT 740* (HSCENE! I) * 1 = 1* 10) 

PRINT*** ’ 

PRINT 635* ( rtA\/E( I) * 1 = 1*14) 

PRINT 640* (RS20( I)# 1 = 1,14) 

PRINT 645* (R8IR( I) # 1 = 1, 14) 

PRINT 650# ( AJ'JP! I) » 1 = 1* 14) 

PR IN T* * * * 

PRINT 800 # C'JRO 
PRINT 808* FLUX 
PRINT 81 0 * RESP 
PRINT 750# NLOAD 
PRINT 758# iJAMPL 
PRINT 760* iOARK 
PRINT 765* X 
PRINT 7 70 * Y 

680 FORMAT (♦ T CAM *»3X»14F6.3) 

695 FORMAT (' TSYS **3X*14F6.3) 

700 FORMAT (* 6H **3X»14F6.3) 

702 FORMAT { * TMA **3X*14F6.3) 

705 FORMAT {» TM *»3X*14F6.3) 

718 FORMAT {* SNR »*3X*14F6.1) 

720 FORMAT (* SNR A IM* 3X # 14F6. 1 ) 

722 -FORMAT! » SPAT **IX#10I9) 

725 FORMAT {* S IGSYS * # 3X *40 £9 . 3 ) 

730 FORMAT (♦ S IGA7E’ * 3X * 10E9.3 > 

735 FORMAT (’ JNOISE* * 3X* 10E9. 3) 

740 FORMAT (* JSCENF* , 3 >< , i QE9 . 3 ) 

750 FORM AT ( * THERMAL NOISE =*#E10.2,' COOL') 

756 FORMA T ( * FET SHOT NOISE =**£10,2*' COIL*) 

760 FORMAT!* DARK C JRrENT =**£10.2** COJL») 

765 FORMAT ( * NOISE "X” = * * El 0 . 2 * * COi JL* ) 

770 FORMAT! * NOISE ”Y” = * * E10 . 2 * * COOL * ) 

635 FORMAT!* a)A7£ *»3X*14I6) 

640 FORMAT!* RS2Q »*3x*l4P6.3) 

645 FORMAT!* RSIR **3X*14F6.3) 

650 FORMAT!* AJi IP *»3X*t4F6.3) 

800 FORMAT!* CHARGE DENSITY^ *.E10,2*» AMPs/SG. ME TERM 
805 FORMAT!* FLOX= **£10.2** VA T T/SQ, METER* ) 

810 FORMAT!* RESPONS 17 I T Y =* # El 0 . 2 * * AMPS/ ti A T r* ) 

STOP 

ENO 




RBV PROGRAM LIST 


B.4.8 

100 0 
1005 
1 0 1 0 
1015 
1020 
1025 
1030 
1035 
1040 
1045 
1050 
1055 
1060 
1065 
10 70 

10 75 
108 ‘> 
1085 
1090 
1095 
1 ’00 

I (05 

inn 

1115 

1120 

11 25 
1130 
1135 
1140 
1145 
1150 
1155 
1160 
1 ) 61 
1165 

I I 70 
11.75 
1180 
1 1 85 
1190 
1195 
1200 
120 5 
1210 
1215 
1220 
1225 
1230 
1235 
1240 
1245 
1250 


PR INT** • ANALYTICAL MODEL OF RETURN BEAM v/IDI,CON* 

DIMENSION SNR A IM ( 14) * SNR(14)* TM(14>* TCAM(14>* TMES<14> 

DIMENSION TSTS{l4)f TELB( 14)# SPAT(14)# SIGSTS(14)» Q£PC(14> 
DIMENSION BB( 14) * USCENE<14)» UN01SE(14)» SIGAV U 14) 

DIMENSION RS IR ( 1 4 ) » AJiJP(14). *|A\/E(14>» TMA(14) 

COMMON OUM( 3 1 * T AVA ( 14 ) # TTAR(14) 

REAL M* IFET 

10 READ ( 5* * * PROMPT = ♦ EXPOSURE! SEC ) # SPIN RATE(RPM)# % 

BANDWIDTH JM E<PT* SPIN* BAND 

20 REACH 5* ** PROMP T = ' FOCAL LENGTH ( M) » F NUMBER* CONTRAST % 
RATIO J * I FOC# FNUM* CR 

30 READ! 5 * * ♦ PROMP T =* PHASE ANGLE* INCIDENCE 4NGLE*% 

REFLECTION ANGLE (DEGREES) ! ’ ) PAD* AID* RAD 

PA-P AO/ 57*2958 

AI=AID/57.2958 

R A -RAD/ 57 *2958 

TL-. 6 

Q=1.602E-19 
C— 2 • 998E8 
H-6. 62E-34 
AUJ=5.2 
SIRP=*21 
0=20. E-6 

AELEM=( 3. 1416/4. ) *0**2 
Q£P= .47 
GM=1000 . 

T£MP=233. 

BK=l ■ 38E-23 

RL=2 . E8 

IFET=7.E-3 

GMFE T=1 3. 4E— 3 

CS=20,E-12 

TF=. 55 

TL=.6 

T1 =1 . E-6 

RE-.3 

M= ■ 3 

SEM=2.2 

SNRL=3. 

OATA QEPC/.001* .001* .001* .09* .275* .71* l. * .84* .38* .12*% 

.03 *.00 l *.001 *.001/ 

DATA TELB/.98* .965* .94* .905# . 855* . 78* . 72* . 66* . 61 * . 56 *% 

• 52 * • 46 * . 4 1 * . 36/ 

DATA TMES/.99* .985* .98* . 9 75 * . 97 * . 96 * . 95 * . 94 * . 92 * . 9* % 

.88* .86* .83* .8/ 

DATA RSIR/. 256* .545* .712* 1.* .968# .859* .831* .753# .b82*% 

.615* .552* .493* .443* .416/ 

OATA AJUP/ .25* .31*. .36* .42* .5* .5* .49* .49* .47* .44*% 

.39* .34* .33* .32/ 

DO 200 K=l * 14 

vl 4\/E ( K ) =( 250 • +K+50 . > 

S ! JMF=SUMF+ WAVE ( K) *l.E-9*RS(R( K) *AJiJP( K) 
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1255 
1250 
1265 
1270 
1275 
1280 
1285 
1290 
1295 
1300 
1305 
1310 
1315 
1320 
1325 
l 330 
1335 
1340 
1345 
1350 
1 35*5 
1360 
1365 
1370 
1375 
1380 
1385 
1390 
1395 
1400 
1405 
1410 
1415 
1420 
1425 
1430 
14 35 
1440 
1445 
1450 
1455 
1460 
1465 
1470 
1475 
1480 
1485 
1490 
1495 
1500 
1505 
1510 


S'JMI=SUMI+4A\/E( K) *1 .E-9*RS IR( K) *AJ' JP( K ) * (JEPC ( *) 

200 CONTINUE 

CONS= { S IRP* TL*C0S ( A I ) * COS ( R A ) ) / ( 4 » * H* C* A'. I J* '? »■ F* j )iV]+ • y ) 
FUJX=CONS*SUMF*500 . 

CURO=CONS*Q*SUMI*50'i * 

RESP=CURO/FU(X 
QE=CURO/ ( FLUX*Q) 

CALL MTFA\/A( FNUM# S lJ tN» EXPT# FQC# CR) 

CALL \/TAR( ril 
PRINT*#* * 

00 300 K— 1 #14 
SPATI K) =K*5.E3 

RBP=88P+ T ( AR ( K> **2* TEl_B( K> **2* TMES ( K) **2 
B8{ K) =( 8BP+50U) . ) /SPAT ( «) 

300 CONTINUE 

S IGFLT=4.*BAN0*AELEM*CURD*EXPT*GM* IF* RE 
U2 = 2. *GM**2* Q*BANO 

1 (l ~S IGFlT/(2#*GM* TF+RE) 

' (Mi JLT = SQR T ( Ul*i J2* TF*RE* ( i.-M)/(M*( SEM-1 . ) i •. 

UREAO=SQRT( Nl*i 12* TF* RE/ M) 

ULOAO=SQRT( ( 4 . *BK* TEMP*BANO) /RL) 
i JAMPL-SOR T ( ( 8. *Q* [FE T*BANO* * 3 + CS* *2 ) /GMFE T* > 2 ) 

00 400 K-l #14 

1 JSCENE ( K ) -SQR T ( HB( K> * *2* TF**2*R£* *2* ( q£+ 1 . ) * Jl* J2) 

1 JNO ISE< K> = SQR T ( ILOAO* *2+ JAMPL**2 «•' IM' l|_ T* *2* 

+ IJREAO* 2+USCENEI K) * *2 ) 

TCAM ( K) -T i AR ( K) * TELB( K) * TMES( K) 

TSCENE=( CR-1. )/( CRft. ) 

TSrS{K)=TCAM(K)*TA\/A(K) 

SIGA\/A( K> ^SIGFLT* TCAM ( K ) 

sigsysi K) = s [gfl r* fsy >(K) 

SNR A [M( K> =S IGA\/A{ K) /'JNOISEt K) 

S NR ( K ) =SIGSYS( K) /'JNOISEI K) 

TMA{ K) =SNRL/SNRA [M( K> 

TM( K) =SNRL/SNR ( K) 

400 CONTINUE 

PRINT .625# ( TEL8 ( I) # 1 = 1# 14) 

PRINT 626# ( TMES( I) » 1=1# 14) 

PRINT 680# ( TCAM( l ) # t=l # 14) 

PRINT 695# ( TSYS( I) » 1=1 # 1 4) 

PRINT 700# (SR( I) » 1=1 #14) 

PRINT 702# ( TMA( I) » 1=1 # 14) 

PR TNT 705# ( TM( I) # 1=1 # 14) 

PRINT 715# ( SNR( I) » I = t» 14) 

PRINT 720# (SNRAIMI I) » I = 1»14) 
pr in r* ► * * 

PRINT 722# ( SPAT ( D/1000., 1 = 1 #10) 

PRINT 725# (SIGSYSI I) » 1 = 1# 10) 

PRINT 730# (SIGA\/4( I) # 1 = 1,10) 

PRINT 735# ( UNOISEI I) # 1 = 1. 10) 

PRINT 740# (USCENEt I) # 1 = 1# 10) 

PRINT*#* * 
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1515 
1520 
1525 
1550 
1535 
154 0 
1545 
1 5 V )0 
1 5 » • •> 
1560 
1565 
1570 
1575 
t 580 
1585 
1590 
1595 
160 .« 
1605 
It, 10 
1 6 t 5 
1 o?0 
1625 
1630 
16^5 
1641 ) 
1 546 
1650 
1666 
1 6o0 
1665 
1670 
1675 
1680 
1686 
1690 
1695 
170 ) 
1705 


PRINT 635# ( WA\/E{ I> » 1=1# 140 
PRINT 640# (OEPC! I) » 1 = 1# 1.4) 

PRINT 645»<RSIR( I ) # 1-1 » 14) 

PRINT 650# ( AJNP( I) » 1=1 # 14) 
PRINT*#’ ♦ 

PRINT 800# CURD 

PRINT 805# FL'IX 

PRINT 810 » QE 

PRINT 746# 1 IREAD 

626 FORMAT (» T MESH ’»3X#14F6.3! 

PRINT 750# tJLOAD 

PRINT 755# UAMPL 

PRINT 760# 'JMilLT 


626 

FORMAT 

( 

’ telb 

’ » 3X# 14F6, 3) 

680 

FORMAT 

( 

* TCAM 

* #3X» 14F6. 3) 

696 

FORMAT 

( 

» TSYS 

’ #3X#14F6»3) 

700 

FORMAT 

{ 

’ m 

' »3X» 14F6.3) 

702 

FORMAT! 

9 

TMA 

’ » 3 X » 14F6 « 3 ) 

706 

FORMA T 

{ 

• TM 

» #3X» 14F6.3) 

715 

FORMAT 

( 

’• SNR 

’ # 3X# 14F6. 1 ) 

720 

FORMAT 

( 

* SNRAIMV3X# 14F6. 1 ) 

72? 

FORM A T ( 

9 

S^AT 

’ # IX# 10 19) 

725 

FORMAT 

( 

» SIGSYS’»3X#10E9.3> 

730 

FORMAT 

( 

* SIGAv/E’ #3X» 10E9.3) 

736 

FORMAT 

( 

’ UNOISE* »3X» 10E9.3) 

740 

FORMAT 

{ 

* USCENE’ »3X# 10E9.3) 

745 

FORMAT ( 


READ NOISE =’#£10.2#’ AMPS’) 

750 

FORMAT! 


THERMAL NOISE - ' » E10 .2# ’ AMPS’) 

766 

FORMAT! 


FET SHOT NOISE - ’ # E10 • 2 # ' AMPS’) 

760 

FORMAT ( 


MIJLT NOISE =*#E10.2#' AMPS’) 

636 

FORMAT! 


WA\/E 

’ » 3X# 14 16) 

64 0 

FORMAT! 


QEPC 

* » 3X» 14F6.3) 

645 

FORMAT! 


RSIR 

’ # 3 X # 14F6.3) 

660 

FORMAT! 


AJUP 

’ » 3 X » .1 4 F 6 . 3 ) 

80 0 

FORMAT! 


CURRENT DENSITY^ •»E10.2** AMPS/SO. METER ’ 

805 

FORMAT ( 


FLUX- 

• » E10 • 2 » ’ PHOTONS/SEC/SQ.METER’ ) 

810 

FORMAT! 


INTEGRATED QE= *#E10.2#» ELEC TRONS/PHO Ti)N 


STOP 

END 


299 



B.4.9 


100 
105 
110 
115 
120 
125 
130 
1 35 
140 
1 45 
150 
155 
160 
~ 165 

170 
175 
180 

185 

186 

190 

191 

192 
195 
200 

204 

205 

206 

207 

208 

209 

210 
211 
212 
215 
220 
225 
230 
240 
245 
250 
255 
260 
265 

275 

276 

277 
280 
285 
290 
295 
300 


SDV PROGRAM LIST 


PR INT*» * ANALYTICAL MOOEL OF SILICON DIOXIDE \ZIOICON CAMERA* 
OIMENS [ON SNRAIM( 14) » SNR(14)* TM(14)* TCAM<141 

DIMENSION rsrs<14)» TIS(14)» TELB( 14 ) * TFI8(14>r SPAT(14> 

DIMENSION 88(14) » USCENEQ4), 0N0ISE(14)* SIGA\/A(l4) 
DIMENSION S IGSrS( 14 ) t TMA(14> 

COMMON CURO* FUK* RESP* TA\/A(14)» rrAR(l4) 

REAL IFET 

DATA T IS/.98* .9. . 79* .65* .51* .36* .22* .08* .001 » .001*% 

.001, .001* .001* .001/ 

DATA TELB/.98* .965* .94* .905* .855* . 78 ». 72 # . 6f> * .61 * . 56* * 

.52* .46* .41 * .36/ 

DA T A fFIB/.gQ5* . 98 * . 95 # .9* ,83* .75 *.67* . n2 * .54* .5* .45*% 

.4* .35* ,3/ 

10 REAO( 5* * » PR0MPT=* EXPOS' JRE ( SEC ) * SPIN R A T£ ( RPM ) » % 

bandwidth: ') ek p r» sp in* band 

20 REAO( 5* * * PROMPTz* FOCAL LENG1H( M) » F igi )M6ER» CONTRAST % 
RATIO ! *) FOC* FNiJM* CR 

30 REAQ(5»**PR0MPT=*PNASE ANGLE* INCIDENCE ANGLE*% 

REFLECTION ANGLE (DEGREES) J*) PAO»AIO»RAO 

PA=P AO/57 .2958 

AI=AI0/57.2958 

rA=RAD/57.2P58 

Q=l.602E-l9 

GT=100. 

0=20. E-6 

AELEM=( 3. 1416/4.) *0**2 
TEMP-300. 

BK=1 . 38E-23 

RL=2.E8 

IFET=7.E-3 

GMFET=13.4£-3 

CS=20. E-12 

RE= . 95 

SNRL=3. 

CALL IRWATT( PA* A [»RA* FNNM) 

CALL MTFA\/A( FNNM* SPIN* EXPT » FOC* CR ) 

CALL SDTAR 
DO 300 K=l* 1 4 
SPAT( K) =K*5. t"3 

88P=88P+ T r AR ( K ) * *2* TEL8 ( K) **2 
88( K) =( 86P*500n. ) /SPA T ( K) 

300 CONTINUE 

SIGFLT=4,*BAN0*GT* AELEM* CURO*EXP T*R£ 

UREAOrSQR T ( 8ANQ*(3*SIGFLT) 

ULOAO=SQR T ( { 4, *BK* TEMP*BAND) /RL) 

|JAMPL=SQRT< ( 8. *0* I FET* BAND** 3* CS* *2 ) /GMFET* *2 > 

DO 400 K=l * 14 

USCENE( K) =SQRT( BB(K)**2*(GT+1.) *BANO*Q*SIGFL T*RE) 

UNOISE( K) =SQRT( ULOAD**2+UAMPL* 2+UREA0**2% 

+USCENE(K) **2> 

TCAM( K) =T TAR( K) * TTS( K>* TFIB( <) *TELR( K) 
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305 
310 
.5 IS 
320 
32*5 

3 50 
5 <5 
540 
34*5 
3*50 
35 > 
360 
366 
570 
375 
380 
385 
390 
395 
400 
405 
410 
415 
420 
425 

4 30 
435 
440 
445 
455 
460 
465 
470 
475 
480 
485 
490 
495 
500 
505 
510 
515 
520 
525 
530 
535 
540 
560 
555 


TSCENE=< CR-l. ) / ( CR + 1 • ) 

TSifS( K> =TCAM( K) * TAVA(K) 

SIGA\/A(K) =SIGFl_T* TCAM( K> 
SIGSYS(K) =SIGFLT* rsrs( K) 

SNRAIMl K) =SIGA\/A( K) /’JNOISEC K) 

SNR ( K ) -5 1 GS YS( K ) /< JNO ISE( K ) 

FMA ( K) =SNRL/SNRA [M( K> 

TM( K) =SNRL/SNR( K) 

400 CONTINUE 

PRINT 620# ( TIS< I> » I=l»14) 

PRINT 625# ( TEL8( I) # [=1 # 14) 

PRINT 630# ( TFIH( I) # 1=1# 14) 

PRINT 680# { TCAM( I) » 1 = 1. 14) 

PRINT 695# ( TS7S< I) # 1=1. 14) 

PRINT 700# ( 8R( [1 # 1=1# 14) 

PRINT 702# ( TMA( I) » t = l# 14) 

PRINT 706# ( TM ( I) # 1 = 1# 14) 

PRINT 715# ( 6NR( I ) # 1=1 # 14) 

PRINT 720# (SNRAIM( I) » 1=1# 14) 
PRINT*#* * 

PRINT 722# (SPATi D/1000*# I=1#10) 
PRINT 725#(SIGSVS(I)#I=1#10) 
PRINT 730# ( 5IGAVA( I) # 1=1, 10) 
PRINT 735# (<)NOISE( I) # 1 = 1# 10) 
PRINT 740. ( JSCENE( I ) # 1 = 1 # 10 ) 
PRINT*#* • 

PRINT 745 » 1 )RE AO 
PRINT 750# ilLOAO 
PRINT 755# UAMPL 


620 

FORMAT { 

t 

ris 

* #37# 14F6. 3) 

625 

FORMA T( 

* 

TEL6 

* #37# 14F6.3) 

630 

FORMAT ( 

* 

TF 18 

* # 3.X# 14F6* 3) 

680 

FORMAT 

( 

• TC AM 

* » 37# 14F6.3) 

695 

FORMAT 

( 

* TS 75 

♦ » 37 # 14F6 . 3 ) 

700 

FORMAT 

< 

’ 86 

♦ #37# 14F6.3) 

702 

FORMA n 

» 

TMA 

* # 37 # 14F6« 3) 

705 

FORMAT 

< 

’ TM 

» #37# 14F6.3) 

715 

FORMAT 

< 

• SNR 

* #37# 14F6.1V 

720 

FORMAT 

( 

* ! SNR AIM* 37# 14F6.1) 

722 

FORMAT ( 

• 

SPAT 

* #17# 10 19) 

725 

FORMAT 

( 

* SrGSYS* #37# 10E9.3) 

730 

FORMAT 

( 

» SIGAVE* #37# 10E9.3) 

735 

FORMAT 

{ 

* 'JNOISE* #3K# 10E9.3) 

740 

FORMAT 

< 

* USCENE* »3X» 10E9.3) 

745 

FORMA T( 

» 

READ NOISE = * » El 0 . 2 # * AMPS') 

750 

FORMA T( 

i 

THERMAL NOISE =»#E10.2#* AMPS*) 

755 

FORMAT ( 

» 

FET SHOT NOISE =' » E10.2# * AMPS') 

STOP 




END 
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B. 4 . 10 SILV PROGRAM LIST 


100 
105 
HO 
l I 5 
120 
125 
130 
135 
140 
145 
150 
15 > 
160 
165 
170 
175 
180 
185 
190 
195 
20o 
205 
210 
215 
220 
2? 5 
2?b 
2 30 
235 
240 
245 
250 
255 
260 
265 
270 

2 75 
280 
285 
290 
295 
30 1 
305 
310 
315 
320 
325 

3 30 
335 
340 
345 
350 
355 


99 IMF* ► ♦ ANALf T ICAL MODtL OF SILICON \ZlOTCON CAMERA* 

DIMENSION SNR A IM ( 14 ) * SNR(14)» TM(14)» TCAM(14) 

DIMENSION ISrS(14)r TELt3(14)* SP4T(14>* S IGST -»( 14 ) * j£PC(l 4 > 
DIMENSION 88(14)* iJSCENE(14)* JN0I5E(14)» SIG4\/A<14> 

DIMENSION RSIR(14)» AJUP< 14) * 4A\/E( 14) * TMA(l4) 

DIMENSION T I 1(14)* TTAR(l4). TLD(l4)* rDS(l4)» f FSI 1 4 ) 

COMMON D'JM(3)» r Av/ A ( 19- ) 

PEAL [DARK * IFET 

10 REAO( 5* * » PROMPT^* EXPOSURE! SEC > * SPIN RArE(Rm)* % 

HANOm) ID FH I * ) EX'-*!* SPIN* BAND 

20 REAO( 5* *» P90MPT-* FOCAL LENG'H(M)* F NUMBER* CONTRA . r « 

RATIO I *) FOC* FNi JM * CR 

30 RE AO ( 5* * * PROMPT =* PHASE ANGLE* INCIDENCE ANGLE* « 

REFLECTION ANGLE (DEGREES) :*) PAD* AID* RAD 

4(1 WEAOI 5 * * * PROMPT - * IN TENS IF ( ER , r AGF 2 /ES-1 . » JO=M :•) . f 

p A-*-> AD/n 7 . 2958 

A 1=4 1 0/57. 2958 

RA-RAD/57. 2958 

RE=.8 

TL=.6 

Q= 1 .602E-I9 

C=2.9-8E8 

H=6.62E-34 

AUJ=5.2 

SIRP=.2<)06 

GI=2.2. 

GC=.286E3 
0=20. E-6 

AELEM=( 3. 1416/4.) *0**2 

I0ARK=l.E-9 

TEMP=233. 

BK=1. 38E-23 

RL=2.EQ 

IFET=7.E-3 

GMFET=l3.4E-5 

CS=20. E-12 

SNRL=3« 

DATA TELB/. 98* .965* .94* ,91)5. . 85 > * . 78 * . 72 * ,-v* .ol * .b6** 

.52* .46* .41* ,36/ 

DATA RSIR/. 25b* .545* . 712* i.* .968* .659* .831* . 753* .b82**> 
.615* .552* .493* ,4-*3* .416/ 

DATA AJNP/ .25* .31* .36* .5* ,5* .49* .44* .4/* .4*** 

• 39* .34* . 3 *■* .32/ 

DATA 9EPC/.UU* . 5,.7».H* .84*.82, . 7/,. 7,.n7».6»'- 

.55* .4, .3* ,2/ 

OATA TIT/. 87*. 7*. 55 *.4* .29*. 21*. 16*. 12*. 0 8*. 06*. '6* .04 * .03* . 02/^' 

00 200 K=l * 1 4 
*4\/E(K) =(250. *K*50. ) 

SUMF=SUMF+wAv/E( K) *1. E-9*RS l M 5) * AJ IP( kj 

SNM I=S< JM I*WA\/E ( K ) * 1 . E-9*N , (4 ( < ) * 4 Ji )P( K ) *NFPC( K ) 

20(1 CONTINUE 

CONS= ( S IRP* TL* COS ( AI)*COS(RA» t /l 4 . *H* C* Ai J J* *2*FN JM**2 > 
FLN/=CONS*S JMF*500. 
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*>n'~) 

VO 

380 

<>8S 

^ M() 
'OS 
40:.) 
4 OS 
4 i 0 
MS 
MO 
MS 
4 Ml 
4 ^S 
4,56 
4-0 
4 4 S 
4 SO 
4SS 
4 fill 
4fiS 
4 70 
4 7? 
4 7S 
MS 
400 

4 OS 

SO s 

sos 

S10 

s i s 
S20 
S2S 
S3n 

5 5) 
S40 
S4*> 
s r o 

v V >*’i 

SriO 
S6S 
S 70 
S 7 S 
S80 
SHS 
S9n 
SOS 
600 
SOS 
sio 


C I R Q = Q) NS * 0* S O M I * 5 0 ' i . 

9E=C MO/ ( FL ! JX*0> 

CALL MTFAtfA ( FNUM. SPIN. E<Pr» FOC* OR) 

OAT A TL0/.96 7. . 879 , , 76b . . 6*5 . . 8 2* . 48. . 41 » . 38. . 19, . O') 1 . 

. 9.! I , . H ; l » . f) . I . , JO L/ 

OAT A rOS/,99. . 958. .908. .84 . . 787. . br>2 . .558. .48. .34 l . .234 
* .135. .042. .OOt. .001/ 

DATA rFS/,91 i . .833. .764. ,702. .648* ,59 .55 . . 516 » . 48 l . . 48 . 
.422. . 396. . 375. .382/ 

00 290 K— 1 . 1 4 

r : AM t K> =TLO(K> * rOS( K) * TFs( K> 

.290 CONTINUE 

99 tur 305. ( ruot n » 1 = 1 . i4> 

PRINT 3 1 0 . { r 08 ( I ) . I - 1 » 1 4 ) 

PRINT 315. ( TFS{ I) . 1=1. 14) 


PRINT 320.tr 

: ARt t) 

» [=1.14) 

308 

formak ♦ 

TLO 

* . ,3X* 14F6. 5) 

.310 

FORMATt » 

ros 

• »3X. 14F6. 5) 

318 

FORMAT ( * 

TFS 

* , 3X . 14F6.3) 

.320 

FORMAT ( ’ 

TS AR 

* » 3 X . 1 4 F6 • 3 ) 


99 I N r * » * - 

00 50 1 K=l. 14 
S9AT( K) = K*8. E3 

BRP=BBP+ r r A9( K> * *2* TELBt K ) **2 
Hi ;( K ) ={809*61)00, ) / S9AF( K) 

IF< STAGE) 280.250,309 
280 G [ =1 . 

GC = 1 . 

rr n k> =i. 

300 coon noe 

S IGFLf =4.* BANO* RE* SI* AELEM*C'MO*E<p r 

1 J0A8K-S09T ( 2. *0* rOARK*BANO) 
i J9E AO=SQR T { BAND* 0* S I GFL T ) 

OLOAO=SOR T ( ( 4 . *RK* TEMP* BANO) /9L) 

UAMPL=SOR T( (8»*Q* I F£ T * BAND* 3 Cs* 2 ) /GMFET* •!• 2 ) 

00 400 K=1 . 1 0 

' JSCENEt K) =509 T ( i OO(K) **2* ( 0E+ 1 . ) > *t BANO* RE*GC*0*S IGFL T ) ) 
UNO tSE(K) -SQ9 T ( OLO AO* * 2+UAM £3 L**2 + UU ARK* 2+ I9EA0* -i-2% 

+ • (SCENE ( Kl **2) 

T C Am ( K ) - T ; AR ( K ) * TELBt K)*rtUK) 
rsCEN£=! C9-1 . ) / ( C 9 + 1 . ) 
rsrstK) =rcAM( * i avm ki 
S rSAV.'U K) =SCGFLT* TCAMf K) 

S 1 6S Y S ( K ) =s I GFL T * TS Y S ( K ) 

SNR A I M( <> =S T GA>/ A ( K) /ONOlSEt K> 

SNKt K) =5 IGSY >( Kl /ONOlSEt K) 

TMAt K) =SN9L/SN9AIM< K> 

TM( K) =SN9L/SN9( K> 

400 CONTINUE 

PR IN T 625. ( TELBt I) . 1 = 1.14) 

PR INF 630. { ri U‘T> . 1 = 1. 14) 

PRINT 680. ( ICAMt l) . 1=1, 14) 

PRINT 695. ( TSr .( I) . 1=1 . 14) 

PRINT 70 0 » (6>i< I) . 1 = 1, 14) 

PRINT 702. ( TMA( I) . 1 = 1. 14) 
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Mb 
o ?n 
f)?S 
6 50 
>■) 5b 
n4') 
■■>45 
#vni 

nS ' 
6 0 
6 5 
670 
67b 
680 
n8b 
6 b) 

66b 

70 0 

70b 

710 

71b 

720 

'2 b 

7.50 

73 b 

740 

74b 

7b0 

75 b 

760 

765 

770 

775 

780 
785 
760 
795 
80 0 
805 
810 
815 
820 
825 
0 50 
835 
840 
84b 
850 
85 . 


PR In r 70b# ( TM( I ) , £rl r 14 ) 

*6T*gr 71b# (S -IR( I) # [ = 1# 14 ) 

• V' f i T 720 » < >NRAIM( I) . 1 = 1, [4 i 
> * ' r i , r * f t * 

*m < t 7? >, is^ri n/io s [=i .Mi 

’•'INI 72b# (SIRS* ,( [) , r=L, iO) 

I NT 7 50# ( MGA\/A( I) # I-l # 10 ) 

’6 1 ir 7 5->, {oNOISEt I) # 1 = 1, io) 
•>6f.gr 7-Mif (-jsCEHE! n # r-1, if)) 


pp I NT b3b» ( -v A-/E { II# (=1 # l 4 ) 
’9 [Mr 64-)# ( )E- J C( I) » f-l, 14) 
’6 IMr o4b# ( R 1R( I ) , [ = 1,14) 
• J 8 f N r 6bO » ( A J- )P( ( ) # 1 =1 , ] 4 ) 

6 uor*» * * 

PR I N [ 80 .uC l6.-J 
68 r -4 r 805# n. I K 
PR [NT 810 » JF 
PR [6 r 74 b# IRFAl) 

,J 'MNr 7bO# -JLOAO 
PR f - j r 7b » J A M > -■ L 
PRINT 760# (JA8K 

FORMAT f* TEL. 6 
F06 MAH’ f[ * 

FORMAT (* rCAM 
FORMAT (* T-,r, 

FOR M A r ( * H ! 

FORMAT ( * TMA ' 

FORMAT (* TM 
FORMAT ( ' SNR 
FORMAT <* SNR A IM 
FORMAT ( * SPAT * 

FORMAT (' , IGSTS 

<’ SlGAv/E 
( » JN01SE 
( * 'JSCENE 


62b 

630 

680 

6Rb 

700 

702 

705 

715 

720 

722 

725 

730 

735 

740 

745 

7bo 

75- 

760 

6 55 

640 

64 5 

650 

80 ’ 

805 

810 

S T OP 

fro 


FORMA I 
FORMAT 
FORMA T 

format ( 

FORMAT! 
FORMAT ( 
FORMAT ( 
FORMA T ( 

forma r ( 

FORMA r { 

forma r ( 

FORMAT ( 
F ORMA I ( 
FOR MA T ( 


* , 5*» 14F6.3) 

5<» 14F6. 5) 

# 5x» 14F6.3) 

, 5<# 14Fo. 5) 

» 3 X t l 4F6 . 3 > 

5<# 14F6.3) 

# 5 X » 1 4F6 . 3 ) 

# 5 X # 14F6. 1 ) 

3 X » 1 4 F6 l ) 

1 X # 1 0 [ 9 ) 

’ # 3X# 10F9. 5 ) 

1 # 3x» l 0 E 9 . 5) 

( »3<* 1 0 E9 . 5) 

1 ♦ 3<# t-)E9.3) 

READ i-JO tSE -* ♦ ElO .2# * AMRR*) 
THERMAL NOTSE -* » El 0 , 2 # ’ AMPS’) 
FET SHOT NOT ,F = f »£l0.?,» AMR,') 
OARS C JR :For -*#El-i,2,» AMR,*) 

* # 5X# 14 16) 


1 » 5 X » 1 4 F-> . 5 > 


Al A Jf 
QEPC 

RS [R ' » 5X# 1 4F#>. 5) 

AJ )R * » 5<» loP6. 5) 

CiR FNT OENSCT/r *#ElO,3,* am.#,/ 

Ft_ i<= »,F10.2#* PHOTON-,/ .EC/ . 1. / 
INTEGRATED of - * # El 0 • 2 # * EC f. C T ROb 


) . a f r - r* ) 
f FR * I 

/-’HOT • J’ ) 
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B . 4 . 11 SSV PROGRAM LIST - DOPED SELENIUM PHOTOCONDUCTOR 


10 !f> 
tons 
loin 
lots 
1020 
lOPH 
10 50 
10 35 
1 040 
1046 
1050 
10sS 
in (so 
I0s5 
1 0 70 
1075 
1 080 
1085 
1 0 QO 
1 096 
1 s 0 

t ’ OS 
l On 

tun 
1 : <? 
1' 20 
t 26 
1 50 
1 i 35 
l 1 40 
1 ‘*5 
\ ■ so 
l s • 

t - Sit 
1 nS 
1 ! 70 
1 7S 
1 i 8 0 
1 J 8S 
I I on 
1 1 96 
120 
\ ?os 

1 ? I ( ! 

l?ls 

12 -n 

1 2 . l 'i 

1 2 50 
1 ?4S 
t 2u 
! ,*4S 
t ?sn 


PRINT*# * ANALYTICAL MODEL OF SLOrt SCAN VIOICON* 

PR IN T* » ’ OOPEO SELENIUM PHOTOCONOUC TOR 1 
DIMENSION SNRA IMI 14 > ► SNR(14)» TM(14)#' TCAM(14) 

DIMENSION TSYS( 14) » TEL8( 14 ) # SPAT! 14) # SIGSYS(14>» 0ESR(l4) 
DIMENSION 8B( 14) » USCENEI 14) # UN0ISE114), SIGAv/A(14) 

DIMENSION RSIRI14)# AJUP(l4># rtA\/E(14)» TMA(14) 

DIMENSION TIU14) 

COMMON OUM ( 3) # TAVA ( 14 ) » TTAR(14> 

REAL IOARK# IFET 
OESP-.l 

10 READ<5#*#PR0MPT=*EXP0S0RE(SEC) # SPIN RATE! RPM) ► % 

RAND* TOTH: * ) E<PT» SPIN# BAND 

20 REAO( S# * # PROMP T-* FOCAL LENGTH(M)# F NUMBER# CONTRAST % 

RATIO ! »> FOC# FNUM, CR 

50 READ( 5# *# PROMPT-* PHASE ANGLE# INCIDENCE ANGLE#* 

REFLECTION ANGLE ( DEGREES) : * ) PAD# A ID# RhO 

40 READI5# *»PROMPT=* INTENSIFIER STAGE? /ES-1.# N0=0 !♦> STAGE 

PArPAQ/67.2958 

A I - A 1 0/57 > 2958 

RA=RA0/57.2958 

RE = .5 

G I =56. 

GC=*17lE3 

TL=.6 

Tl=.5E-6 

0 = 1 . 602E-19 

C=2.9*8E8 

H = 6. 62E — 34 

A'lJ=5.2 

SIRP=.20 16 

AELEM=(20.E-6> **2 

I0ARK=4.F-q 

TEMP=300. 

BK=1. 58F-23 

RL=2.E8 

IFET=7.F-3 

GMFE T = 1 3 . 4E - 5 

CS=20.E-12 

SNRL=3. 

DATA T 1 1/.87# . 7# .55# .4# .29# *21# . 16# . 12# *08# .06# .05# .04. .03# .02/ 
0ESP=.25 

DATA 0ESR/.85# .98# 1. # *84, .6# .61 # .3# .04# .001# .001 #% 

• 00 l » . 0 l #.001# .001/ 

DATA TELB/.98# .965# .94# .905# .855# . 78 # . 72 # . 66 # .6 1 # . 56# * 

.52# .46# .41 » . 36/ 

DATA RSIR/.256# .545# .712# l.» .968# .859# .831# .753# .682#* 
.615# .662# .493# .443# .416/ 

DATA AJi|P/ ,25# .31# ,36# .42# .5# .5# .49# ,49# ,47# .44#% 

• 39# .34# .55# .32/ 

DO 200 K=l#14 

>a/A\/E(K>=250.+K*S0. 

S'JMFzS' JMF+'VAv/F ( K ) * l , E-9*RS IR( K) * AJ'JP{ K) 
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128 •' 
t ?’->0 
1285 
12 7U 
1 2 78 
1280 
12 88 
12*80 
12*88 
1 508 
1 51.0 
13; 8 
l 320 
1 528 
1 5 'll 
15.1 
l 5 >8 
1 340 
1 548 
1380 
l 58 ■> 

1 380 
l 588 
l 3 70 
l 578 
1 580 
1388 
l 390 
1 398 
140 ! 
1408 
1410 
1418 
1420 
1428 
1430 
14 38 
1440 
148 5 
14 50 
1455 
1 480 
1488 
1488 
14 70 
1478 
1480 
1485 
1490 
1495 
1500 
1 80 8 
1510 
1515 


S' JM I-S; IM 1 + w AVE( K 1 * l . E-9*R' , 1 •? ( k ! * 4 >■ |> J ( <) * jp ,r ( <\ 

20 ' cor j r t^sii 

CONS-l SIRP*TL*C0S(RA) *COS( AM 4 I J* 2 * F 9 M*. P) 

RjK-CONs* , l.vlF* 8 ()o. 

Ci H 0— CON S * 0*5 JM 1*500* OESP 
3E = C' JRO/( FL'J<*0> 

C4I.‘. virFA7A( FNNM* SPIN* £<90 FOC* CR) 

CAL* . V TAR( n ) 

POINT**’ 1 
00 300 K = 1 » 14 
v'AH K) = K* 5. £3 

0 ;P=i}hP+ TT4R{ K) * 2* TEl.iK K1 * - 2 
H'5( K) -( 81 (P* 800 • » 1 /SPA T ( K) 

IF( STAGE) 250 * 250 * 30 ) 

280 Gf- 1 . 

GC = l . 

TIKKl-l. 

320 CONTINUE 
300 CONTINUE 

S IGFLT=4. *BANO*K£*GI* A£Li-’M*C‘ IRO*F<p.T 
1 IL0A0-SQO T ( (4. *BK* TEMP* BANG) /R(. 1 
1 J A MPl -SOP T ( (8. *9*; IFFT*8AN0* 5 * CS * - 2 1 /GMFF T * 21 

• IQAIM-SQRT ( 2 . * 0 * IOAR<*BANO) 

'IPEAO-S'JPrt HANQ+O+SIGFLT) 
no 400 K-l * 1 4 

* (SCENE ( K ) -SOP T { (Hi)(Kl**2*( QE+ 1 « 1 * * ( BANi.)*RF*GC*,>*SIGFi Tl 
'JNOISE(K) =SOR T ( 1 1L0A0* *2-H JAMPL* ■ 2 ♦ NOARK* . H IRFAO* -2% 

+ * ISCENF ( K 1 * * 2 ) 

T C A N ( K 1 = T 1' A R ( K) * T EL8 ( K ) * T I I < K) 

TSC£NE-( CR-l. ) /(CR+1. ) 

TSYSt K) = TCAM( K) * TA\/A(K) 

SIGA\/A( K> = SIGFLT* TCAM( K) 

STGSYS(K) =SIGFLT*TS'TS<K) 

S NR A I M ( K) -S I G A\/ A ( K ) /JNOISE( K1 
SNR ( K) =S IGS TS( <) / fNO ISE( K) 

TMA( K) =SNRL/SNRA IM( K) 

TM( K) -SNRL/SNR ( K) 

400 CON T IN* JE 

PRINT 825* ( TEL8( l ) * 1=1 * 1 4 ) 

PRTNT 830* ( rr r ( f) , 1 = 1,141 
PRINT 880* ( TCAM( I) * [ = 1*141 
PRINT 898* ( TSYSl I) * 1-1* 14) 

PRINT 70 J* ( HH( I) , [ = 1* 14) 

PRINT 702* ( TMA( I) * 1=1 * 14) 

PRINT 705* ( TN< I) * 1=1, 14) 

PRINT 718* ( SNR ( I) , 1 = 1, 14) 

PR INT 720 * ( SNR A IN( I) * 1 = 1*14) 

PRINT*** * 

PR INT 722* ( SPAT ( I) /ID 0 0. , 1 = 1 , in ) 

PRINT 728* (SIGSYS( I) * 1 = 1,10) 

PRINT 730* (SIGA\/A( t) * 1 = 1,10) 

PRINT 735* (NNOISEl I ) * 1=1 , 10) 

PRINT 740* (.(SCENE! I) . 1 = 1 * 10 ) 

PRINT*** * 
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1*120 
l 12‘> 
l *i 30 
1 “5 3 '.i 
1 *140 
l 14 ) 
t'V .0 
I 6 . 

I InO 
1 1*11 
1170 

I I 7h 
Ijhi 
I 18 • 
11^0 
I -) lJ 6 
1 >0 

I '>0*1 
1 *1 i 0 
! 'i t *1 

l >,:?<> 

I -i2 > 
S’lVl 
1 >31 
1 64 < 
1 64' 
l > ) 

1 r>6 
] n.,0 
1 6 >1 
l 6 70 
To 71 
1 680 
t'>8*i 
1690 
1141 
l 70 i 
l 701 
1 7 I 0 


PRINT 631, ( WA\/E( I) * 1=1* 14) 
^RINT 640* ( QESR( I) » 1=1* 14) 
PR INF 641* (RSIR( I> » 1 = 1*14) 
>RtNT 650* ( AJiJP( I) * 1=1*14) 
PRINT*** * 

PRINT 800 » CURD 
RRINT 801, FLUX 
*RINT 810 , QE 
*’R INF 741* JREAO 
OR INF 710* JL0AD 
PRINT 751* UAMPL 
PR TNT 760* UOARK 


621 

FORMAT 

{ 

* TELB 

* *3<» 14F6.3) 

6 30 

FORMA T( 

t 

r ri , 

* * 5X* 1 4 F6 . 3 > 

680 

FORMAT 

( 

• TCAM 

’ * 3 < » 1 4F6» 3 ) 

6*51 

FORMAT 

( 

* TSVS 

’ * 3X * 14F6 > 3 ) 

70 1 

FORMAT 

( 

* BP 

* * 5 X * 1 4F6 . 3 ) 

70 2 

format ( 

1 

TMA 

• * 3 X * 1 4F6 « 3 ) 

705 

FORMA T 

( 

* TM 

’ * 3 X , 1 4Fb • 3 ) 

711 

FORMAT 

( 

* SNR 

* * 3X* 14F6, l ) 

720 

FORMAT 

( 

* SNR A IM * 3 < * 1 4F6 • 1 ) 

72 1 

FORMAT ( 

♦ 

SPAT 

’ * 1 X* 1019) 

721 

FORMAT 

( 

* SIGS/S’ , 3X* 10E9.3) 

730 

FORMAT 

( 

* S IG4\7E* » 3<‘» 10E9.3 > 

735 

FORMAT 

( 

• JNOISE’ *3X* 10E9.3) 

740 

FORMA T 

( 

• JSCENE * * 3X* 10E9.3) 

745 

FORMA T( 

f 

READ 

NOISE = ? , E10 . 2* * AMPS’) 

710 

FORMA T ( 

» 

THERMAL NOISE = ’ » E 1 0 » 2 * * AMPS’) 

71 i 

FORMAH 

♦ 

ff r s 

HOT NOISE =* » E10«2» ’ AMPS’) 

760 

FORMAT ( 

1 

OARK 

CORRENT =’ * E10.2* * AMPS’) 

6 31 

FORMAT ( 

» 

«A7E 

’ *3X • 1 4 16 ) 

640 

FORMAT ( 

1 

)h SR 

• *3<* 14F6.3) 

641 

FORMAT { 

» 

RStR 

’»3<*14F6.3) 

610 

FORMAT { 

t 

A JOP 

’ *3X» 14F6.3) 

80 i 

FORM AT ( 

t 

CURRENT OENSITY= ’*E10.2** AMPS/SO. ME TER’ ) 

801 

FORMA T< 

1 

FLO< = 

’ * E10,2* ’ photons/sec/sq.meter* ) 

810 

FORMA T ( 

1 

integrated qe = * , eio.2, * electrons/photo j* i 


STOP 
F NO 
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B .4.12 


10 - 
10 »s 

MIm 
10 1 S 
1)2 > 
102s 

I 0 I 

1 > 5s 

1 04 : 
l 04S 
! 'h 
1 OS 
1 • itV ' 
1 ItV) 

in 7 o 

l ) 7S 
10 B 0 
l OHS 
1090 
l OPS 
l ! On 

l fns 

l * 06 
1 ! LO 
l M2 
i ?n 
l t?s 
l ? 50 
1 ’ 5S 
l i 4t) 
1 ! 4S 
l SO 
1 i SI 
T i S ’ • 
l 1 oO 
l 166 
1 70 
1 7S 
1 180 
l 1 86 
1 1.90 
IMS 
1200 
1206 
1210 
1216 
12 5 0 
1 2 ’’S 
1250 
123 S 
1240 
1246 


SSV PROGRAM LIST - ASOS 


PR INT* .* ANAL/ T ICAL MODEL OF SLO'*/ SCAN VIOICDN’ 

PR INI*# ’ ASOS PHOTOCONO'JCTOR’ 

0 1 MENS ION SNR A I M ( 14) » SNR(14)# TM<14>* TCAMM4) 

NT MENS [ON rsr,(14)» TEL6(14)# SPAN 14)* SIGSTSU4)# JtSR ( t 4 ) 

OT MEN >100 80 (14)* < JSCENE ( 1 4 ) » UN0IS£(14># SIGA\/A<14) 

) l MENS f ON OS INC 14 > * 141 » w AV E ( 1 4 i * TM A ( 1 4 i 

)f MANSION fl i ( 14) 

"•••" IN DIMM), F A \/ A ( 14 ) » r r AH? (14) 

>EAi.. IQARK. [FEr 
if >■' = . 1 

10 <-EAD( S»** PROMPT-’ E<P0SN8E( SEC) » SPIN RATEIRPM)# % 

8 AND * IDTH: * ) EKPTr SP [Nr BAND 

00 RE A0( S» *» PROMPT = T FOCAL LEnGTH(M)* E NUMBER# CONTRAST * 

RAM) J ♦) FOC * FROM# CR 

50 READ ( S* * . PROMP T — * PHASE ANGLE* INCIDENCE ANGLE* * 

REFLECTION ANGLE ( DEGREES) I * > PAD* AID* RAD 

40 REAO( 6 * * » PROMP T - * IN TENS I F { ER STAGE ? f£S=l.* N0=0 : ’ ) STAGE 
p Azp AO/S 7.2068 
Air A ID/ 67. 2068 
R A ->< AO/6 7 . ?QS8 
RE*. 5 
GIrP3. 7 
GCr . 1 4E5 
Tl.r.6 
Tt .E-ft 
2 ’•’S IOARKr4.E-Q 
N-l . O02E-IR 
M 2 . 4 < 8 Eh 
H r h . 2 £■* 34 

A I ■ J r 6 • ? 

SlRp=.20 6 
M.:>:i.E-6 

Af l£M=( 3. 14 16/4. ) *0** 2 
10 ARK =4. E' 11 
TEMPr?33. 

8KM . 38E-*2 3 
RLM.E8 

1 EE T r 7. E- 5 
GMFETrl 5.4E-3 
CSr20.E-l2 
SNRL-3. 

DATA TI :/.87» . 7» .6 ># .4* .20* . 2 1 * . 16* « 1 2 * . 08 * . 06* . 06 * . 04* . 0 3 * . 02/ 

OESPr.47 

)A f 4 NE v »R/« O') 1 * • OS- 1 * . 001 * .HO* .276* . 71# ]. » .84* . 5H* .1?** 

. Oil » .11 1 # .0 !1 # . On 1/ 

DAM | ELM/. R8* .066# .04# . 006# .86 '* . 78* . 72* .or * .nl » . 6H» % 

.62* .4ft, . 41 # . 56/ 

DATA <SIR/.2S6* .646# .712* l.» . Ot-,8 * .860# .831# . 763# .68?#'*, 

.61s* .6.2* .403* .443* .416/ 

DAT.' AjhV .26, .31, .36# .42# .S* .6* .40* .40# .47# .44#* 

. 30, . 34, .3 5# .32/ 

DO 200 K=l . 1 4 
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1250 
125 > 
1250 
1265 
12 70 
12 75 
1280 
1285 
l?qn 
1298 
150 : 
1 505 
1510 
1 5 5 
1 5?'1 
1 528 
1 < .0 
1 ' ( 

! 5 '6 
1 ViO 
5 54 8 
1 380 
: “>8 
; v>o 
1 5n5 
i 5 70 
i 5 75 
1 580 
l 586 
1 590 
l 598 
140 
1405 
1410 
L41 5 
1420 
1428 
14 50 
14 36 
1440 
1 446 
1480 
14 56 
1 4o0 
1 465 
14 70 
1 4 78 
1480 
1 488 
1490 
1 445 
150 0 
180 5 


>JV A >/ E ( K) =250. + K*60. 

SUMF=S' JMF+>VA\/E( K)*l .E~9*RS1R( K) *AJUP( K) 

SUM I=SUMI + jvA\/E( K) * l • £-9*RS IR( K) * AJUP{ K) *0£SR( «) 

200 CONTINUE 

CONS- ( S IRP* TL*COSt HA ) * COS ( AD • / ( 4 « *H* C* AU J* *2*FNUM**2 > 
FL'K=CONS*SUMF*500. 

O IRQ-CONS* Q* SUM I* 80 0 * QESP 
QF-CURO/ ( FLU<*Q) 

CALL MTFAVA(FNiIM» SPIN. E<PT. FOC* CR > 

CALL \7 T AR ( r 1 3 
PR TNT* » * * 

00 300 K -1 . 1 4 
SPAT ( K ) = K*5. E3 

BBP=BHP* T.f AR( K > ** 2* TEL8( K> *»2 
UP ( K > = ( BOP* 50 0 6 . ) /SPA T ( K) 

TF(STAGE) 250 » 250 * 500 
250 <31 = 1. 

GC = 1 . 
r I * <k> =1. 

520 CONTINUE 
300 CONTINUE 

S [GFL T=4 . *4AN0*RE*6I * AELEM* C'.IRQ* E<P ( 

ULOAO-SORT ( ( 4,*BK* TEMP* BAND) /RL) 

UAMPL-SOR T ( ( 8.*O*rFET*0ANl.)*»3*CS**2> /GMF£r**2) 
*JOARK=SQRT( ?.*N* IOARK*BANO) 

REAO-SQRTt BAN0*0*S IGPLT) 

00 40 s K — l » 4 

• (SCENE ( K) =SNRT( t 0B( K) *+2*(0E+l. ) ) * ( HAUO*PE*GC*Q*S IGF l T ) 
■ INOISEt K> -SOR T ( * ILOAO* * 2 + UAMPL* *2 + ' JO ARK* 2 + UREAO**? 1 *, 

4 JSCEN ( K> * 2 > 

rCAM{ K) =T r AP l K ) * TELB{ K ) + T I 1 ( K) 

TSCENE- ( CR- 1 . )/(CR4t.) 

TST‘,(K) =TCAM( K) + TA\/A( K) 

SIGA>/A( K) =SIGFLT* TC AM( K) 

S IGSYS ( K) -SIGFLT* TSYSt K) 

SN«AIM{ K) =STGA\/4( K) / JNOIS£( K) 

SNR ( K> -S IGSY' . t K ) /UN0I5EIK) 

TMA ( K ) =SNRL/SNRAIM( K) 

TM( K) -SNRL/SNR( K) 

400 CONTINUE 

PRINT 625 » ( TELBI I) > 1 = 1 » 14 ) 

PR TNT 630 . ( T I I { t) * 1 = 1 . 14) 

PRINT 680* ( TCAM( [) * [=1* 14) 

RRINT 695* ( TSY8( I) » Izl* 14) 

PRINT 70 -f (B M H » T = l i 4) 

RRINT 702. ( TMA ( I > * l = l » ' 4 ) 

PRINT 705* { TM( D * 1 = 1 » 14) 

PRINT 715. (SNR( I) * t=i. 14) 

PRINT 720. ( SNR A I V|( I ) * 1=1. 14) 

PRINT*.* * 

pr I n r 72;:: * ( spa t ( i ) / 1 uoo . , i = 1 , in > 

PRINT 725* <SIGSYS( I) » 1=1* 10) 

PRINT 730»(SIGA\/A( D . 1 = 1*10) 


309 



1510 

PRINT 735* ( 

• JNO ISE ( I ) * 1 = 1*10) 


1515 

PRINT 740* ( 

USCEnE! I) * 1 = 1*10) 


1520 

PRINT**' * 



1525 

PRINT 635* ( WAVE I I> * 1=1 * 14) 


1550 

PRINT 640* (QESR( I) * 1 = 1 * 14) 


1535 

PRINT 645* (RSIR( I) * 1 = 1*14) 


1540 

PRINT 650* ( AJOP ( I) * 1 = 1*14) 


1545 

PRINT**’ ’ 



15 >0 

PRINT 800* CORO 


155 , 

PRINT 806* 

FLUX 


1560 

PRINT 810* QE 


1565 

PR TNT 745* 

OREAD 


1570 

PRINT 750* 

• JLOAO 


1575 

PRINT 756* 

OAMPL 


1580 

PRINT 760* 

ODARK 


1585 

625 

FORMAT 

(’ TEL8 ’ * 3 X * 14F6 

.3) 

1590 

630 

FORMAT! 

’ T I i * » 3 X * 1 4 F6 . 

3) 

1595 

680 

FORMAT 

(’ TC AM * * 5 X ♦ l 4F6 

.3) 

1600 

695 

FORMAT 

( ’ TSXS * * 5X * 14F6 

.3) 

1.605 

70' = 

FORMAT 

( ’ 66 ’ * 3X* 1 4F6 

.3) 

1610 

70? 

FORMAT! 

’ TMA * , 5 X * 1 4 F6 . 

3) 

161 5 

70 6 

FORMAT 

! ’ TM ' * 3 < * 1 4 F6 

.3) 

1620 

715 

FORMAT 

(’ SNR ’ * 3 X * 14F6 

. 1 j 

1625 

7?0 

FORMAT 

(’ SNRAIM* 5X» 14F6. 

1 ) 

16 30 

72? 

FORMAT! 

• SPAT ’*1X* 1019) 


16 35 

72 6 

FORMAT 

(’ SIGSTS’ * 3X* 10E9 

.3) 

1640 

7 50 

FORMAT 

(' SIGAVE’ *3X* 10E9 

.3) 

1645 

736 

FORMAT 

(♦ ONOISE* * 3X* 10F9 

.3) 

1 650 

740 

FORMAT 

(» iJSCENF* * 3X* 10E9 

.3) 

165) 

746 

FORMAT! 

’ READ NOISE =’*Ein.2*’ 

16 0 

760 

FORMAT! 

' THERMAL NOlsE =’ 

* El 0 . 

16 5 

756 

FORMAT! 

’ FET SHOT NOlsE r 

’ * E10 

1670 

760 

FORMAT! 

’ DARK CURRENT r«» 

em.2 

16 75 

635 

FORMAT! 

' WAVE ’ * 3 X » 1 4 (6 ) 


1680 

640 

FORMAT! 

’ QESR * * 3 X * 1 4 P6 . 

3) 

1685 

645 

FORMAT! 

’ RSIR »*3X*14F6. 

5) 

1690 

650 

FORMAT! 

’ AJOP • * 5X* 14F6. 

5 ) 

1695 

800 

FORMAT! 

’ ojrrent oensitx= 

* * E l 

1 70 

805 

FORMAT! 

’ FUJX= ’ *Ein,2** 

PHOTO 

1705 

810 

FORMAT ( 

’ INTEGRATED OE =♦ 

* El 0. 

1710 

STOP 



1715 

ENO 





AMPS’ ) 

2* * AMPS’ > 
.2* ’ AMPS' ) 
#’ AMPS’) 


2** AMPS/SQ. METER* ) 

i/sEC/s i.me rep’ ) 

’ELECTRON , /PHOTON* ) 
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B.4.13 SUBROUTINE IRWATM PROGRAM LIST 


moo SUBROUTINE IR*/ATM<PA» ai»ra*fn<jm) 

1005 DIMENSION RS20 (14)* RSIR(14)» AJUP(14)* ji/A\/E<14> 

mio DIMENSION ALB( 9) * AUJ<9) 

mm common curd* flux* resp 

102:) TL = .6 

1026 10 READ( 5* ** PROMP l = * BOOT NUMBER :»)T 

1030 DATA ALB/1. » .92* .85* .49* .26* .61* .42* .42* . 14/ 

1036 DATA AUJ/5. 2* 5.2* 5.2*5.2*5.2*9.54*19.18*30. 1*39.44/ 

1040 S20P-. 0626 

1046 SIRP=.2006 


1 060 

DATA RS2 0/ .14* 

.68* .96* .952* .791* .645* 

.501* 

• 356* 

.211** 

1 06’> 

.085* .019* .001 

* .001* .001/ 




1060 

DATA RSIR/. 256* 

.545* .712* l.» .968* .859* 

.831* 

. 753* 

• 682 * * 

1066 

•615*. 5 2*. 493* . 

443* .416/ 




10 70 

DATA A J- IP/ .26* 

.31* .36* .42* .6* ,5* .49* 

.49* 

.47* . 

44 * * 

10 75 

. 39 * . 34 » .33* . 

32/ 




1 090 

IF ( T.EN.t ) GO TO 

160 




1096 

00 100 *=1*14 






1:00 AJiJP(K)=l. 

1106 10* CONTINUE* 

1 ‘ 0 160 CONTINUE 

1:6 DO 200 K-l* 14 

112') WA\/E ( K ) -250 . + K* 50 . 

1 126 SUMl=SUMt+RSIR(K)*AjUP(K)*RS20{K)*ALB( D 

l ! 30 S'JMFzSUMF+RS IR( K> *AJ'JP( K) * ALR{ T ) 

l 136 20" CONTINUE 

l 140 CONS=(SIRP* TL* COS ( A I) *COS< R A ) ) / ( 4 . * 4U J( T> **2*FN'JM** 2 ) 

1 145 CURD=S20P* CONS* S' JM 1*500 , 

1160 FUK=CONS*SUMF*50O. 

1166 RESP-C 1 JRO/FLUK 

1160 PRINT*. ’ * 

H66 PRINT** • * 

l i 70 PRINT 635* < */A\/E( I> * 1=1*14) 

1176 PRINT 640* 1RS20( I) . t=l* T4) 

1180 PRINT 646* (RSlRt [) ♦ [=1* 14> 

l IBS PRINT*.* ' 

1190 PRINT 800* CURD 

1195 PRINT 805* FljJX 

1200 PRINT 810* RESP 

1206 635 FORMAT!* uvA\/E *»3X*14I6) 

1210 640 FORMAT 1 • RS20 ' * 3 X » 1 4F6 . 3 > 

1216 645 FORMA T(* RSIR *»3X»l4F6.3) 

12P0 800 FORMAH * CURRENT DENSITY **E10.2»* AMPS/SQ. METER* > 

12 5 805 FORMAT ( * C LU X = * * El 0 . 2 * * W A T r /SQ. ME TER * ) 

1230 810 FORMAT ( * RESPONS IV I T Y = *»E10.2»* AMPS/*/ AT T* > 

12 m RETURN 

1240 END 
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B-4.14 


1 000 

inn 
1 ■ ) 1 1 
inis 
l 020 

1 H2S 
1113*1 

I 'l 3S 

II 4 ! 
1 14 S 
in-, i 
1 IS > 
t On 

! I So 
I •! 7 i 
1 '! 7S 
1080 
mss 


B.4.15 


moo 

111 IS 

m ' •! 
1028 
1 lV3r) 

m 3S 

l ')4 n 
104S 
If) SI) 

10 V' 
i oso 
mss 
10 7') 

m 7 s 

MR I 


SUBROUTINE SDTAR PROGRAM LIST 


SUBROUTINE SOT AH 
DIMENSION SPAT (14) 

COMMON 0UMT17)* r TAR (14) 
r 1 -.Sf-O 
OK - 3 . 8 

OO 2lK\ K-l * 14 
S‘>4T ( K) = <*S. F.3 
b j k r=( 4.*,5. t4 ; n*sPAr ( k ) ♦ r 1 1 

r : A. 7 ( « ) - ( ( l . -E<*->( -R‘ J K, r ) 1 /RPK. n * ( ( 2 . * DK ) /( ( OK + 1 , ) f ( OK-t . > 
*E*R( -RRK r ) I . 

TP ( r ’ 4R< K) } IBS* 185* IBs 

ms r i ar( k» =.n r 'i 
IBS CONTINUE 
20.1 CONTINUE 

‘•’R INT 320* ( T ART 1) » 1 = 1 * 14 I 
520 FORMAT!* T!4R * ♦ 3<* 1.4F8. 3) 

RETURN 

END 


SUBROUTINE VTAR PROGRAM LIST 


SJ8R0UTINE '/TAR(Tl) 

DIMENSION SRATdN) 

COM ON 0’lM(i7i, T TART 14) 

00 20U K- 1 * 14 

SPAT(K) =K*S,E3 

RPK=( 4.* 5. 1416*SRAT( K) ) 

T r AR( K ) - ( 1 . -E<R ( -RPK* T 1 ) ) / ( RPK* T 1 ) 

[F( T f AR( Kill BS* IBS* IBS 

IBS T AR( K> r.Ool 

IBS CONTINUE 

200 continue 

PRINT 320* ( T ' AR( l) * f = l , 14) 

320 forma r ( * r r ar * * 3x* 14FS..3) 

RET IRN 
END 
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ABBREVIATIONS 


AIM 
AS OS 
AU 
CCD 
CER 
EBIC 
ESC 
FET 
V/H 
ICCD 
II 
IMC 
10 
IR 

ISILV 

ISSV 

JPL 

MIS 

MTBF 

MTF 

NASA 

RMS 

RTG 


aerial image modulation 

antimony trisulfide-oxisulfide 

astronomical unit 

charge-coupled device 

cost estimating relationship 

electron— bombardment induced conductivity 

electrostatic storage camera 

field effect transistor 

velocity/height 

intensified charge-coupled device 

image intensifier 

image motion compensation 

image orthicon 

infrared 

intensified silicon vidicon 

intensified slow— scan vidicon 

Jet Propulsion Laboratory 

metal— insulator— semiconductor 

mean time between failures 

modulation transfer function 

National Aeronautics and Space Administration 

r oo t-mean- square 

radioisotope thermoelectric generator 
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SDV 

SEC 

SECV 

Si0 2 

SILV 

SIT 

SITV 

SNR 

SSV 


silicon dioxide vidicon 

secondary electron conduction 

secondary- electron-conduction vidicon 

silicon dioxide 

silicon vidicon 

silicon intensifer target 

silicon intensifier target vidicon 

signal- to-noise ratio 

s low-scan vidicon 
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